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Abstract: An efficient and reliable electric power system must be able to 
maintain operational stability, especially in maintaining frequency stability to 
remain at its nominal value, both in constant conditions and when 
disturbances occur. For this reason, optimal frequency control is needed 
through Automatic Generation Control (AGC). In AGC, a controller is needed 
to accelerate the frequency response so that it is quickly stabilized. This study 
proposes the development of a 2DOF-PID controller into a 2DOF-PID-PIID 
optimized using the Dandelion Optimizer (DO) to improve AGC performance 
in the context of Load Frequency Control (LFC). The test results show that the 
DO algorithm gives better results compared to the Sine Cosine Algorithm 
(SCA), Pelican Optimization Algorithm (POA), and Archimedes Optimization 
Algorithm (AOA). Therefore, DO is chosen to optimize 2DOF-PID-PIID. The 
2DOF-PID-PIID controller optimized with DO produces an ITAE (Integral 
Time Absolute Error) value of 0.001276, which is superior compared to the 
2DOF-PID (0.00158), 2DOF-PID-PID (0.00158), PID (0.001833), and PIDD 
(0.002022) controllers, indicating its effectiveness in accelerating the response 
and maintaining frequency stability in the electric power system. 
 
Keywords: Automatic generation control; Controller; Dandelion optimizer; 
Load frequency control (LFC); Optimization 

  

Introduction  
 

Electrical energy is very important for economic 
progress because it plays a role in driving industry, 
facilitating transportation, and supporting technological 
innovation (Doroodi et al., 2024). In an electric power 
system, there are several components that are 
interconnected before the energy finally reaches the user 
or consumer (Rashid et al., 2024). A reliable and efficient 
power system must be able to maintain its operational 
conditions, both in stable conditions and when 
disturbances occur. One important thing is the ability to 
maintain power stability between the power generated 
by the generator and the load requirements, including 
maintaining the frequency value at its nominal value 

(Khalid Saifullah et al., 2023). Frequency variations can 
have a negative impact on the generating system and 
also on the connected load, significant frequency 
deviations can cause collapse in the electric power 
system (Wadi et al., 2024). Therefore, maintaining a 
stable frequency at its nominal value is very important 
in the operation of the electric power system (Daraz et 
al., 2024; Vorobev et al., 2019). Changes in frequency and 
power imbalance, one of the causes of which is due to 
sudden changes in load, and this is a challenge that must 
be overcome (Geis-Schroer et al., 2024; Wang & Lu, 
2024). Sudden load addition can slow down the 
generator rotation, resulting in a decrease in frequency 
(Liu et al., 2018). Conversely, sudden load removal will 
speed up the generator rotation and increase the 
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frequency value, thus affecting the frequency value (Li 
et al., 2024; Yang et al., 2022). 

Controlling the frequency at the nominal value is 
very complex due to the ever-changing load variations 
(Khalil et al., 2024). Therefore, Automatic Generation 
Control (AGC) is needed to maintain frequency stability 
in the context of Load Frequency Control (LFC) (Zhou et 
al., 2024). To improve the performance of AGC to have a 
faster and more stable response, the use of an effective 
controller is required. One type of controller that is 
widely used is PID. PID controllers are controllers 
(Proportional Integral and Derivative). PID controllers 
have advantages because of their simple design and 
efficient cost-benefit ratio (Li, 2023). However, with the 
increasing complexity of the power system, PID 
controller alone is not optimal enough (Sahu et al., 2023). 
One innovative solution is to add Degrees of Freedom 
(DOF) which is effective in increasing the controller's 
ability to overcome load change disturbances (Chen & 
Luo, 2022). In previous studies, researchers have 
implemented various controllers, including 
Proportional-Integral-Derivative (PID) and variations of 
PID development with the addition of DOF or other 
types, for optimization in the context of load frequency 
control (LFC) in the electric power system. Such as 
Fractional-Order PID (FOPID) for Load Frequency 
Control (LFC) of the electric power system connected to 
the hydrogen energy storage unit (Illias et al., 2021; 
Verma et al., 2024). 

Helmy showed the performance of the 2-DOF PID 
Controller in Automatic Generation Control (AGC) of 
two areas of the electric power system connected to each 
other using the Particle Swarm Optimization (PSO) 
algorithm. Furthermore, optimal performance was also 
shown in the PID controller in Automatic Generation 
Control for the two-area electric power system using 
Particle Swarm Optimization (PSO) (Karanam & Shaw, 
2022). Then 2DOF-PID combined with PID or 2DOF 
PID-PID in automatic generation control (AGC) in the 
interconnected wind turbine electric power system gave 
very good results. 2DOF-IDD for AGC control on hybrid 
power system. Furthermore, proportional-Integral-
Double Derivative (PIDD) on multi-area AGC gives 
good results. Another challenge is the sensitivity of the 
parameters on each controller, the parameters of each 
controller must be precise so that the controller can work 
optimally. Manual parameter search provides a big 
challenge considering the complexity of the controller 
structure and system involving many parameters (Fathy 
& Alharbi, 2021). 

One solution is with a metaheuristic algorithm that 
is widely used in systems for Load Frequency Control 
(LFC). However, according to the "no free lunch" theory 
there is no single optimization technique that is always 
superior for all types of problems. Seeing this, it is 

important to use newer optimization algorithms and 
compare them with existing algorithms, as done in 
previous studies with similar system contexts, in order 
to achieve more optimal optimization results. Literature 
survey shows that the controller structure greatly affects 
the performance of AGC. Considering the excellent 
performance potential of the 2DOF-PID type controller, 
this study will develop a 2DOF-PID controller with a 
combination of a Proportional-Double Integral-
Derivative (PIID) controller, namely a 2DOF-PID-PIID 
controller in the LFC system. Referring to the "no free 
lunch" theory (Gulzar et al., 2024), this study will also 
implement the Dandelion Optimizer (DO) metaheuristic 
algorithm, which is inspired by the movement of 
dandelion seeds (Zhao et al., 2022). The DO algorithm 
was chosen because in addition to being relatively new, 
several previous studies have shown that this method 
provides good results in the context of Load Frequency 
Control (LFC) and Automatic Generation Control (AGC) 
(Abdelkader et al., 2024; Elsawy Khalil et al., 2024). 

In addition, we will also compare the DO algorithm 
with several other algorithms that have previously been 
applied in the context of Load Frequency Control, such 
as the Archimedes Optimization Algorithm (AOA), 
Pelican Optimization Algorithm (POA), and Sine Cosine 
Algorithm (SCA) which have previously been tested for 
their performance in the LFC context. Furthermore, the 
objective function selected as the system performance 
index is the Integral Time Absolute Error (ITAE). ITAE 
was chosen because it has good performance for the LFC 
objective, namely a fast stable response and minimizing 
peak deviations until reaching steady state conditions. 
In this study, the generating system used is a non-reheat 
steam power plant. The selection of a non-reheat steam 
turbine is based on its advantage in providing a faster 
response. In this study, there are two areas of steam 
turbines that are interconnected and have been 
integrated with the controller we proposed, namely 
2DOF-PID-PIID. 

The results of this controller are also compared with 
controllers that have been tested and provide good 
results in the context of LFC, such as PID controllers, 
PIDD, 2DOF PID and 2DOF-PID-PID. Thus, this study 
aims to introduce a controller structure that develops a 
2DOF-PID controller into a 2DOF-PID-PIID, and 
evaluate its results on the implementation of Automatic 
Generation Control (AGC) of a two-area interconnected 
steam turbine power system. In addition, this study also 
aims to select the best optimization algorithm for AGC 
of a two-area interconnected power system on a non-
reheat steam turbine, when disturbances such as load 
changes occur. 
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Method  
 
System Modeling 

In this study, we use a power system model with 
two interconnected non-reheat heat turbines, as 
depicted in Figure 1, based on an analysis framework 
adapted from previous research (Veerasamy et al., 2019). 
Each area consists of main components, namely 
governor, turbine, rotating mass & load and two 
controllers. The selection of non-reheat heat turbines is 
based on its advantages in providing faster response, 
and higher stability. 

 

 
Figure 1. Modeling of non-reheat turbine system 2 areas that 
are interconnected and have integrated governor droop and 

controller 
 

In this study, the transfer function of the non-reheat 
turbine unit is represented in equation (1). 

 

𝐺 (𝑠) =
1

1+𝑠𝑇𝑡
     (        (1) 

 
With T_t is the time-constant steam turbine non 

reheat. While the selected governor is the characteristic 
droop type because it can regulate the load difference 
more efficiently when several generators are connected 
to the same network compared to the Isochronous 
governor. The characteristic droop governor with 
steady-state feedback is equipped with a simplified 
speed reduction characteristic droop and has been 
represented in Figure 2. 
 

 
Figure 2. Governor speed droop 

 

Here R is the speed droop regulation while T_Gs is 
the governor time constant, given the speed droop 
regulation and governor time constant values of 0.05 and 
0.2s in area 1, and 0.0625 and 0.3 s in area 2. Then the 

rotating mass & load transfer function is represented in 
equation. 

 

𝐺 (𝑠) =
1

2𝐻𝑠+𝐷
    (2) 

 
where H is constant inertia and D is constant 

damping, the constant inertia and constant damping 
values are 5 p.u and 0.6 p.u in area 1 while area 2 is given 
a value of 4 p.u and 0.9 p.u in area 2. In more detail, see 
table 1 for the Modeling parameters of the non-reheat 
turbine system 2 Areas that are interconnected and have 
integrated governor droop and controller 
 
Table 1. Turbine System Parameters 
Simbol Name Area 1 Area 2 

R Speed Regulation 0.05 0.0625 
D Coefficient 0.6 0.9 
H Inertia Constant 5 4 
Tg Governor Time Constant 0.2 s 0.3 s 
Symbol Name Area 1 Area 2 

 
Proposed Controller Design 

In the context of conventional LFC (Load Frequency 
Control), the main objective is to set the ACE (Area 
Control Error) value for each area to zero. This control 
error is calculated through a linear combination of the 
frequency deviation and the tie-line error, which is 
described in equation (3). 

 

𝐴𝐶𝐸𝑖 = ∑ 𝐴𝑃𝑗 + 𝐾𝑖∆𝜔
𝑛
𝑗=1                                          (3) 

 
System performance optimization is achieved when 

the Ki value is equalized with the connected area 
frequency bias factor, defined in equation (4). 

 

𝐵𝑖 =
1

𝑅𝑖+𝐷𝑖
       (4) 

 
Thus, ACE for a system with two areas is expressed 

by equations (5) and (6) 
 

𝐴𝐶𝐸1 = ∆𝑃12 + 𝐵1∆𝜔1  (5) 

 

𝐴𝐶𝐸2 = ∆𝑃21 + 𝐵2∆𝜔2                 (6) 

 
Where ∆P_12 and ∆P_21 are the deviations from the 

scheduled exchange, ACE is used as a driving signal to 
activate changes in the reference power set point, and 
when the steady-state condition is reached, ∆P_12 and 
∆ω will be zero. Responding to the need for more 
optimal control in a variable 2-area power system, we 
propose a 2DOF-PID-PIID controller as a replacement 
for Ki to optimize the system response as seen in Figure 
3. 
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Figure 3. 2DOF-PID-PIID controller 

 
From figure 3, the 2DOF – PID PIID controller is the 

result of the development of Two Degree Of Freedom 
PID (2 DOF PID) with the addition of one Proportional 
controller, 2 Integral Controllers and one derivative 
controller. By considering two inputs, ACE and Δf 
(frequency change), the output of the 2DOF-PID-PIID 
controller can be represented by the following equation. 

 

𝑈 (𝑠) = 𝐾𝑝 × 𝐴 + 
𝐾𝑖1

𝑠
 × 𝐵 + 

𝐾𝑑𝑠

𝑁.𝑠+1
 × 𝐶 + 𝐾𝑝 ×

𝑄 + 
𝐾𝑖2

𝑠
 × 𝑄 + 

𝐾𝑖3

𝑠
+ 𝑄 × 𝐾𝑑𝑠 +  𝑄   

(7) 

 
where the values of A B C and Q are as follows 
 

𝐴 = {𝐴𝐶𝐸 (𝑠) × 𝑃𝑤 − ∆𝑓 (𝑠)}    (8) 

 
𝐵 = {𝐴𝐶𝐸 (𝑠) − ∆𝑓 (𝑠)}  (9) 

 

𝐶 = {𝐴𝐶𝐸 (𝑠) × 𝐷𝑤 − ∆𝑓 (𝑠)}     (10) 
 

𝑄 = 𝐴𝐶𝐸(𝑠)  (11) 

 
Objective Function 

Objective function is a crucial indicator in 
evaluating the performance of a system to determine 
whether the system has been optimized or not. 
Specifically, the objective function is used to measure the 
level of error in the system. Therefore, a system is 
considered optimal when the error value or objective 
function value is as minimal as possible. In the context 
of 2DOF-PID-PIID controller optimization, the objective 
function value will be gradually minimized through 
each iteration. This process involves adjusting the 
combination of parameters in the 2DOF-PID-PIID 
controller carried out by the optimization algorithm to 
achieve maximum efficiency and the best performance 
of the system with the minimum error value. In the 
context of LFC, the main objective is to get a fast stable 
response and minimize the peak deviation to the state 
condition, therefore the ITAE (Integral Time Absolute 
Error) objective function is chosen with more optimal 
performance to support the two previous main 

objectives, because ITAE in the context of LFC shows 
better performance compared to IAE, ISE, and ITSE. In 
the mathematical model, ITAE is represented in 
equation (12). 

 
𝐼𝑇𝐴𝐸 = 

∫ (|∆𝑓1| + |∆𝑓2| + |∆𝑃𝑡𝑖𝑒|)  × 𝑡 × 𝑑𝑡
𝑡𝑠𝑖𝑚

0

 
(12) 

 
Dandelion Optimizer 

Dandelion Optimizer (DO) is an optimization 
algorithm inspired by the movement of dandelion seeds. 
This algorithm consists of three stages, namely rising, 
descending, and landing. In the rising stage, the seeds 
fly in a spiral due to wind eddies or float in groups 
according to weather conditions. In the descending 
stage, the flying seeds descend steadily, adjusting their 
direction in global space. In the landing stage, the seeds 
fall at random positions to grow. In the Dandelion 
Optimizer algorithm, each seed that falls during the 
landing process is the best solution. In the dandelion 
optimizer A is a random population where the 
optimization process begins, which is represented in the 
equation matrix (13). 

 

𝐴 = [
𝑥1
1 ⋯ 𝑥1

𝑑𝑖𝑚

⋮ ⋱ ⋮
𝑥𝑝𝑜𝑝
1 ⋯ 𝑥𝑝𝑜𝑝

𝑑𝑖𝑚
]  (13) 

 
where dim is the dimension of each solution in the 
search space, while pop is the population size, which 
indicates the number of candidate solutions in the 
optimization population. Then in DO each candidate 
solution is generated randomly between the upper 
bound (UB) and the lower bound (LB), with the i-th 
individual in Xi being calculated randomly using the 
rand function, which can be represented in equation 
(14). 

 

𝑥𝑖 = 𝑥𝑚𝑖𝑛 + 𝑟𝑎𝑛𝑑  (𝑥𝑚𝑎𝑥 − 𝑥𝑚𝑖𝑛)  (14) 

 
where x_min is the lower bound (LB) and x_max is the 
upper bound (UB). Next, in the Dandelion Optimizer 
(DO), the best fitness value for each individual in the 
population will be calculated using equation (15), and to 
determine the elite solution, equation (16) is used. The 
solution with the best fitness value in DO is called the 
elite. 

𝑓𝑏𝑒𝑠𝑡 = min(𝑓(𝑥𝑖))  (15) 

 

𝑥𝑒𝑙𝑖𝑡𝑒 =  𝑥 ( 𝑓𝑖𝑛𝑑(𝑓𝑏𝑒𝑠𝑡 ==   𝑓(𝑥𝑖)))  (16) 
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Rising Stage 
In the rising stage, Dandelion Optimizer (DO) 

adapts its strategy based on different weather conditions 
to optimize the solution search. In Condition 1, when the 
weather is sunny and windy, DO applies a lognormal 
distribution to the wind speed, which favors random 
exploration of dandelion seeds to different locations. In 
contrast, on rainy days, DO switches to local 
exploitation, focusing the search on improving the 
quality of existing solutions, without significant 
movement to new areas in the search space. When the 
weather is sunny and windy as condition 1, the equation 
used in the Dandelion Optimizer algorithm can be 
modeled as follows: 

 

𝑥𝑡=1 = 𝑥𝑡 +  𝛼 × 𝑣𝑥 × 𝑣𝑦  × ln 𝑌 × (𝑥𝑠 − 𝑥𝑡) (17) 

 

𝑥𝑠 =  𝑟𝑎𝑛𝑑 (1, dim) × 𝑟𝑎𝑛𝑑 (𝑥𝑚𝑎𝑥 − 𝑥𝑚𝑖𝑛) + 𝑥𝑚𝑖𝑛    (18) 

 

ln 𝑌 = {
1

𝑦√2𝜋
exp (−

(ln 𝑦)2

2𝜎2
) if 𝑦 ≥ 0

0 if 𝑦 < 0
  (19) 

  

𝛼 = rand() × (
1

𝑇2
𝑡2 −

2

𝑇
𝑡 + 1) (20) 

 

𝑣𝑥 = 𝑟 × cos 𝜃 (21) 

 

𝑣𝑦 = 𝑟 × sin 𝜃 (22) 

 

𝑟 =
1

𝑒𝜃
 (23) 

 

𝜃 = (2 × rand() − 1) × 𝜋 (24) 

 
In sunny conditions, the wind speed follows a 

lognormal distribution (ln Y), and each dandelion seed 
is symbolized by x_t in the random search space x_s. The 
adaptive parameters that regulate the length of the 
dandelion's rising process are determined by 𝛼 and the 
dandelion seed motion coefficients during the rising 
process, which are triggered by air eddies, are v_x and 
v_y. The direction of this movement is determined by 
the angle θ. While in rainy conditions as the second 
condition, the dandelion will exploit the local with the 
following mathematical equation, 

 

𝑥𝑡=1 = 𝑥𝑡 × 𝑘 (25) 

 

𝑞 =
1

𝑇2 − 2𝑇 + 1
𝑡2 −

2

𝑇2 − 2𝑇 + 1
𝑡 + 1

+
1

𝑇2 − 2𝑇 + 1
 

(26) 

 
 

𝑘 = 1 − rand() × 𝑞 (27) 

 
𝑥𝑡=1 = 

{
𝑥𝑡 + 𝛼 × 𝑣𝑥 × 𝑣𝑦 × l n 𝑌 × (𝑥𝑠 − 𝑥𝑡) randn < 1.5

𝑥𝑡 × 𝑘
 else 

(28) 

 
k is used to maintain the local search area of an 

agent, while randn is a function that generates random 
values according to the standard normal distribution.  

 
Descending Stage 

At this stage, the dandelion seed will continue to 
decline after reaching a peak in the rising phase at a 
certain value. The seed will continue to adjust its 
direction in the global space to adapt to changing 
conditions. The mathematical modeling for this phase is 
described as follows:  

 

𝑥𝑡=1 = 𝑥𝑡 − 𝛼 × 𝛽𝑡 × (𝑥mean_t − 𝛼 × 𝛽𝑡 × 𝑥𝑡) (29) 

 

𝑥mean_t =
1

 pop 
∑ 

𝑝𝑜𝑝

𝑖=1

𝑥𝑖 (30) 

 
where α is an adaptive parameter that adjusts the stride 
length in the movement of dandelion seeds, while β_t 
represents the Brownian action and is a random value 
derived from a standard normal distribution. 

 
Landing Stage 

In this phase, the landing location of the dandelion 
seeds is determined randomly, with the best position 
being used as the optimal solution. Information from 
elite dandelion seeds, which have the highest fitness 
value, is exploited locally to achieve optimal global 
accuracy, the mathematical model of this phase is 
represented as follows: 

 

𝑥𝑡=1 = 𝑥elite + levy(𝜆) × 𝛼 × (𝑥elite − 𝑥𝑡 × 𝛿)                                                                            (31) 

 

levy(𝜆) = 𝑠
𝜔 × 𝜎

|𝑡|
1
𝛽

 (32) 

 

𝜎 =

(

 
Γ(1 + 𝛽) × sin (

𝜋𝛽
2
)

Γ (
1 + 𝛽
2
) × 𝛽 × 2

(
𝛽−1
2
)

)

  (33) 

 

𝛿 =
2𝑡

𝑇
 (34) 

 
𝑥elite  is the best position of the agent at each 

iteration and levy(λ) is the function of levy flight 
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Table 2. DO Parameters Used During Simulation 
Parameter Mark 

Number of Search Agents 15 
Maximum Number of Iterations 50 
Upper Bound 10 
Lower Bound -10 

 

Result and Discussion 
 

Before testing each controller, we will assess the 
performance of the optimization method by comparing 
the dandelion optimizer (DO) with other optimization 
methods including (AOA) (Hemeida et al., 2022; Al 
Hwaitat et al., 2025), (AGTO), (POA) (Debbarma et al., 
2024), (SCA) (Iqbal et al., 2024). The system model in 
Figure 1 has then been implemented for testing in 
MATLAB-Simulink. For testing, we provide a Step Load 
Perturbation (SLP) of 0.1 pu in all areas, and DO 
optimization is carried out for 50 iterations with a 
population size of 15. The results of the optimizer 
performance comparison can be seen in Table 3. 

From table 3 it can be seen that DO has better 
performance than other optimizers. Therefore DO is 
chosen to perform tuning on each proposed controller. 

Next we tested by comparing 6 controllers that were 
previously tested in the LFC context including PID 
(Nassef et al., 2023), PIDD (Sahu et al., 2016), FOPID 
(Barakat, 2022), 2DOF PID [40], 2DOF-PID-PID [42], 
With the controller we proposed, namely 2DOF-PID-
PIID to see the best performance of each controller, 
which is optimized with Dandelion Optimizer (DO). 
From the test results with Step Load Perturbation (SLP) 
0.1 pu in all areas, and DO optimization was carried out 
for 50 iterations with a population size of 15, the 
parameters in table 4 were obtained for area 1 and table 
5 for area 2. 
 
Table 3. Comparison of Optimization Methods 

Iterasi Optimizer Controller ITAE 

50 Dandelion Optimizer 
(DO) 

2DOF-PID-PIID 0.001276 

50 Sine Cosine 
Algorithm (SCA) 

 0.002153 

50 Pelican Optimization 
Algoritm (POA) 

 0.002902 

50 Archimedes 
Optimization 

Algorithm (AOA) 

 0.005200 

 
Table 4. Controller Parameters with DO Area 1 Optimization 

Parameters        Area Controller Parameters 2 

Dandelion 
Optimizer 

Kp Ki Kd Pw Dw Kp2 Ki2 Ki3 Kd2 Kd3 

2DOF-PID-PIID 2.0414 -0.4956 -5.2802 -9.6232 -9.6918 9.8511 0.1395 9.8705 0.9867  
2DOF-PID-PID  2.2906 8.6529 1.3501 3.8416 2.7469 -0.7663 10 - -0.0776  
2DOF-PID  -9.5975 -8.6104 -6.3336 -1.8497 -8.8152 - - - -  
PIDD  7.6907 6.3122 0.8619 - - - - - 3.2229  
PID  6.4980 6.7159 2.7189 - - - - - -  

 
Table 5. Controller Parameters with DO Area 1 Optimization 

Parameters        Area Controller Parameters 2 

Dandelion 
Optimizer 

Kp Ki Kd Pw Dw Kp2 Ki2 Ki3 Kd2 Kd3 

2DOF-PID-PIID -0.9177 2.8065 -0.52562 8.7543 4.9306 8.7688 6.1063 9.5672 5.7749  
2DOF-PID-PID  -7.0948 -0.1285 0.9972 -4.0684 0.1088 5.4684 9.8220  7.47047  
2DOF-PID  -9.0846 -9.8584 -4.9054 2.2526 4.0233      
PIDD  10 7.3511 5.2988      1.2746  
PID  7.8185 7.76589 4.55612        

All parameters obtained in Table 4 and Table 5 by 
providing Step Load Perturbation (SLP) of 0.1 pu. From 
the test results, it was obtained that the 2DOF-PID-PIID 
controller showed very good performance with the 
smallest ITAE (Integral Time Absolute Error) value, 
which was 0.001276. This value indicates that the 2DOF-
PID-PIID controller has better performance compared to 
other controllers in the context of Load Frequency 
Control (LFC), especially in providing a faster and more 
effective frequency response to return to steady state 
after disturbances in the form of load changes or SLP 

(Patel et al., 2018). This controller is able to reduce errors 
optimally, which means it can regulate the frequency 
more accurately and stably. The ITAE results of all 
controllers can refer to table 6. 
 
Table 6. Comparison of Best Fitness in the form of ITAE 
for Each Controller 
Controller ITAE 

2DOF-PID-PIID 0.001276 
2DOF-PID  0.00158 
2DOF-PID-PID  0.00158 
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Controller ITAE 
PID  0.001833 
PIDD  0.002022 

 
Table 7. Comparison of Settling Time Overshot and 
Undershot Frequency Deviation Scenario 1 Area 1 
Controller Settling Time 

(sec) 
Overshot 

(Hz) 
Undershot 

(Hz) 

2DOF-PID-PIID 4.96 0.000114 0.001289 
2DOF-PID 5.742 0.0000993 0.001341 
2DOF-PID-PID  5.74 0.0000833 0.001311 
PID 5.92 0.000033 0.00156 
PIDD 8.4 0.00000321 0.00122 

 
In Table 7, the 2DOF-PID-PIID controller shows 

superiority in managing frequency deviation in Area 1, 
especially in terms of settling time which is only 4.96 
seconds. This indicates a faster and more effective 

response compared to other controllers reviewed, such 
as 2DOF-PID, 2DOF-PID-PID, PID, and PIDD, all of 
which have longer settling times. In addition, 2DOF-
PID-PIID also shows improvement in reducing 
undershoot, with lower values compared to 2DOF-PID 
and PID controllers. Although PIDD recorded the lowest 
undershoot value, this controller had a relatively high 
settling time (8.4 seconds), which may be undesirable in 
applications that require fast response. Although 2DOF-
PID-PIID did not have the lowest overshoot and 
undershoot values in absolute terms, the difference in 
these values was relatively small when compared to 
other controllers. The results of the frequency deviation 
plot or ΔF for Area 1 in scenario 1 can be seen in Figure 
4, which provides a clear visualization of the 
performance of the 2DOF-PID-PIID controller in 
regulating frequency compared to other controllers. 

 

 
Figure 4. Frequency deviation of scenario 1 in area 1 

 

Furthermore, in managing the frequency deviation 
(Δf) in Area 2, the 2DOF-PID-PIID controller again 
shows superior performance compared to other 
controllers. Detailed comparisons regarding settling 
time, overshoot, and undershoot for Area 2 can be found 
in Table 8. 

  
Table 8. Comparison of Settling Time Overshot and 
Undershot Frequency Deviation of Scenario 1 Area 2 

Controller Settling Time 
(sec) 

Overshot 
(Hz) 

Undershot 
(Hz) 

2DOF-PID-PIID 7.01 0.0003924 0.001528 
2DOF-PID 8.041 0.0003845 0.001657 
2DOF-PID-PID  7.79 0.0003739 0.001608 
PID 8.54 0.000327 0.00192 
PIDD  8.42 0.0002737 0.001585 

 

Table 8 shows the performance comparison of the 
2DOF-PID-PIID controller against other controllers in 
handling frequency deviation (Δf) in Area 2 in scenario 
1. The 2DOF-PID-PIID controller successfully achieved 
a faster settling time of 7.01 seconds, indicating a more 
efficient response compared to the 2DOF-PID, 2DOF-
PID-PID, PID, and PIDD controllers which recorded 
settling times of 8.041 seconds, 7.79 seconds, 8.54 
seconds, and 8.42 seconds, respectively. In addition, in 
terms of reducing undershoot, the 2DOF-PID-PIID also 
showed the most superior performance with the lowest 
value of 0.001528 Hz, lower than the other controllers. 
As for overshoot, although PIDD shows the lowest 
value, at 0.0002737 Hz, this controller also has a longer 
settling time, at 8.42 seconds, indicating a trade-off 
between overshoot accuracy and response speed. For a 
clearer visualization of the performance of this controller 
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in handling frequency deviation in Area 2 for the second 
scenario, see Figure 5. 

 
Figure 5. FD at Area 2 SLP 0.1 Pu in All Areas 

 
From the data analysis presented in Table 9, it can 

be seen that the performance difference between the 
2DOF-PID-PIID, 2DOF-PID, and 2DOF-PID-PID 
controllers is quite small, indicating similar efficiency in 
managing Ptie deviation for all areas. However, the 
2DOF-PID-PIID controller stands out with the fastest 
settling time of 8.11 seconds, indicating its superior 
ability to achieve stability faster than other controllers. 
In addition, this controller also recorded a relatively low 
overshoot value of 0.000106 Hz and an undershoot of 
0.0000538 Hz, indicating a good balance between 
response speed and output fluctuation control. To 
validate the performance in managing the Ptie delta, the 
researcher performed a special ITAE calculation for the 
Ptie output as additional validation, considering the 
very small difference in this component. Different from 
the previously reported overall ITAE calculations, a 

special focus on the Ptie output error yields the smallest 
ITAE value in 2DOF-PID-PIID with 0.000397, 
strengthening the evidence that this controller is 
effective in reducing the absolute error and offering 
optimal response. 

 
Table 9. Comparison of Settling Time Overshot and 
Undershot ΔPtie Scenario 1 All Areas 
Controller Settling 

Time (sec) 
Overshot 

(Hz) 
Undershot 

(Hz) 
ITAE Ptie 

2DOF-PID-
PIID 

8.11 0.000106 0.0000538 0.000397 

2DOF-PID  8.23 0.0001615 0.00000658 0.000483 
2DOF-PID-
PID  

8.4 0.000141 0.00000416 0.000481 

PID  9.21 0.000210 0.00000644 0.000536 
PID 9.19 0.0001813 0 0.000486 

 

 
Figure 6. Delta Ptie In Scenario 1 SLP 0.1 in all areas 
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In Figure 6, the visualization of Δ Ptie clearly shows 
the superiority of the 2DOF-PID-PIID controller in 
managing deviations from the set point value. Although 
the difference in settling time between the controllers is 
relatively small, the resulting curves show that the 
2DOF-PID-PIID successfully maintains a lower 
deviation throughout the system response. This 
decrease in signal fluctuations not only indicates a stable 
response but also directly contributes to the lower ITAE 
value. ITAE, which measures the total absolute error 
accumulated over time, becomes smaller as a result of 
the reduction in the amplitude of these fluctuations. 
Therefore, the effectiveness of the 2DOF-PID-PIID in 
minimizing errors not only improves the stability but 
also the overall efficiency of the system. 

 
Scenario 2 

In this second scenario, we will evaluate the 
performance of the various controllers by imposing a 
larger Step Load Perturbation (SLP) than in the previous 
test. Specifically, the SLP will be applied at 0.2 pu in Area 
1 and -0.1 pu in Area 2. The purpose of this approach is 
to observe the controllers’ response to significant 
changes in SLP and assess their effectiveness in 
managing more extreme frequency deviations. This 
testing is important to determine the ability of each 
controller to handle more challenging operational 
conditions. 

From the results of the second scenario test, the 
ITAE values of all controllers show very significant 
differences under more extreme conditions. The best 
performance is shown by the 2DOF-PID-PIID controller 
with the lowest ITAE value of 0.01493, indicating the 

highest efficiency in reducing accumulated errors 
throughout the response time. Followed by 2DOF-PID-
PID (Y. Li et al., 2024; So, 2022; Joseph et al., 2022) with 
an ITAE value of 0.01848, which shows an increase in 
performance compared to 2DOF-PID (Shahi et al., 2024; 
Roy et al., 2021; So, 2021), which recorded an ITAE value 
of 0.01853. Under larger SLP conditions, 2DOF-PID-PID 
is proven to be more effective than 2DOF-PID. The 
controller performance is then ranked by PID which 
recorded an ITAE value of 0.02354, and finally PIDD 
with a value of 0.02521. 
 
Table 10. ITAE Comparison of Scenario 2 
Controller ITAE 

2DOF-PID-PIID 0.01493 
2DOF-PID-PID  0.01848 
2DOF-PID  0.01853 
PID  0.02354 
PIDD  0.02521 

 
Table 11. Comparison of Settling Time, Overshoot, and 
Undershoot ΔF Area 1 Scenario 2 
Controller Settling Time 

(sec) 
Overshot 

(Hz) 
Undershot 

(Hz) 

2DOF-PID-PIID 14.80 0.0004439 0.002553 
2DOF-PID  17.60 0.0004731 0.002642 
2DOF-PID-PID  17.50 0.00034 0.002593 
PID 15.90 0.0003239 0.003053 
PIDD 20.07 0.0001205 0.002422 

 
Table 11 shows a comparison of the performance of 

area 1 frequency deviation in scenario 2 for each 
controller in terms of settling time, overshoot, and 
undershoot.

 

 
Figure 7. ΔF area 1 scenario 2 
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Table 11 provides a comparison of the controller 
performance in terms of settling time, overshoot, and 
undershoot for frequency deviation in Area 1 in the 
second scenario. The 2DOF-PID-PIID controller stands 
out with impressive performance, recording the fastest 
settling time of only 14.8 seconds, faster than the other 
controllers. In terms of undershoot, this controller also 
shows excellent results, with lower values compared to 
2DOF-PID (Ogar et al., 2023; Huba et al., 2025), 2DOF-
PID-PID (Appasani et al., 2023; Desalegn et al., 2022) and 
PID (Mohapatra et al., 2020). Although PIDD (Mosca et 
al., 2019; Jian et al., 2021) recorded the lowest undershoot 
value of 0.002422, it had the longest settling time of 20.07 
seconds. Overall, 2DOF-PID-PIID is considered superior 
even though it does not have the lowest undershoot and 
overshoot values. The difference in values is very small 
compared to the much faster settling time compared to 

the other controllers. This shows a good balance 
between adaptation speed and stability in the face of 
more significant frequency deviations (Shrestha & 
Gonzalez-Longatt, 2021; Muftić Dedović et al., 2024; 
(Radaelli & Martinez, 2022; Rajak & Pudur, 2025). 
Visualization of the frequency deviation of Area 1 in this 
scenario can be seen further in Figure 7. 

 
Table 12. Comparison of Settling Time, Overshoot, and 
Undershoot ΔF Area 1 Scenario 2 
Controller Settling Time 

(sec) 
Overshot 

(Hz) 
Undershot 

(Hz) 

2DOF-PID-PIID 18.10 0.001511 0.000590 
2DOF-PID  21.1 0.001635 0.000560 
2DOF-PID-PID  19.53 0.001591 0.000588 
PID  21.3 0.001884 0.0006183 
PIDD 22.83 0.001568 0.0004632 

 
 

 
Figure 8. ΔF area 2 in the second scenario 

 

Table 12 shows the results of the frequency 
deviation test in the second scenario for Area 2, where 
the 2DOF-PID-PIID controller demonstrates superior 
performance in several key aspects. With a settling time 
of only 18.10 seconds, this controller not only stabilizes 
the frequency the fastest among all controllers tested but 
also successfully suppresses overshoot with a relatively 
low value of 0.001511 Hz. The 2DOF-PID-PIID controller 
also recorded an undershoot value of 0.000590 Hz, lower 
than the PID controller, indicating a balance between 
fast response and precise control. Although PIDD 
achieved the lowest undershoot value (0.0004632 Hz), its 
longer settling time (22.83 seconds) indicates that there 
is a trade-off between response speed and stability. 
Furthermore, a visualization of the frequency deviation 
for the second scenario in Area 2 can be seen in Figure 8, 

which visually compares the performance of all 
controllers, showing how each handles more 
challenging conditions. 

 
Table 13. Comparison of Settling Time, Overshoot, and 
Undershoot in ΔPtie Scenario 2 
Controller Settling Time 

(sec) 
Overshot 

(Hz) 
Undershot 

(Hz) 

2DOF-PID-PIID 29.08 0 0.002506 
2DOF-PID [40] 33.32 0 0.002834 
2DOF-PID-PID [42] 32.01 0 0.002818 
PID [41] 32.98 0 0.002836 
PIDD [44] 31.46 0 0.003342 

 

Table 13 shows the test results of ΔPtie in all areas 
in the second scenario, comparing the settling time, 
overshoot, and undershoot between controllers. The 
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2DOF-PID-PIID controller shows superior performance 
with the fastest settling time of 29.08 seconds, indicating 
a more responsive response compared to other 
controllers. In addition, 2DOF-PID-PIID also recorded 
the lowest undershoot value among all controllers with 
0.002506 p.u., confirming its effectiveness in limiting 
fluctuations below the set point without causing 
overshoot. A detailed visualization of ΔPtie in this 
scenario can be seen in Figure 9, which clearly illustrates 
the superior performance of 2DOF-PID-PIID compared 
to other controllers under the same test conditions. 
 

Conclusion 
 

From a series of tests conducted in various 
scenarios, the 2DOF-PID-PIID controller consistently 
shows superior performance compared to other 
controllers. Especially in the second scenario, in the 
ΔPtie test in all areas, the 2DOF-PID-PIID not only 
recorded the fastest settling time, but also managed to 
maintain the lowest undershoot value. This shows its 
superior ability to manage frequency fluctuations with 
high efficiency and stability. This test confirms that the 
development of 2DOF-PID to 2DOF-PID-PIID provides 
significant advantages in handling greater variability in 
load or sudden changes in the system. In the context of 
Load Frequency Control (LFC), this controller shows 
great potential in handling frequency deviations. 
Further developments have the opportunity to test this 
controller in more complex systems, such as electric 
power systems consisting of four or more areas, with 
diverse sources including renewable energy sources 
(RES) and integrated Electric Vehicles (EV). This trial can 
provide further insight into the adaptability and 
scalability of the 2DOF-PID-PIID controller in facing 
more dynamic and diverse operational challenges. 
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