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Abstract- To meet the increasing energy demand, it is an inevitable necessity to connect alternative energy sources and
different energy sources to the interconnected power system. The most important factor determining the quality and reliability
of energy in the interconnected power system is frequency. Load changes, external disturbances and parameter changes in the
power system (PS) cause changes in frequency and power values in all areas connected to the power system. Fast and reliable
control of power and frequency changes occurring in a power system is called load frequency control (LFC). For good quality
and reliable energy production, the LFC must be resilient to unknown external disturbances and parameter changes in the
power system. To this end, this research presents an exponential two degrees of freedom PID (EXP-2DOF-PID) controller to
improve the LFC performance of PSs. The proposed controller consists of a tunable exponential function placed in front of a
two degree of freedom PID controller. The exponential function produces a nonlinear output signal by acting on the error value
at its input and the derivative of the error. To achieve the highest performance, the parameters of the proposed controller are
determined by the stochastic fractal search (SFS) algorithm. The Integral of Time Absolute Error (ITAE) cost function was
used during the optimization. The EXP-2DOF-PID controller has been tested on different PS models to verify its performance
and versatility. Extensive comparison is made to highlight the performance of the proposed controller. All the simulations
performed for this research are modelled in a MATLAB/m-file script and the results are plotted using MATLAB R2020b.

Keywords Load frequency control, exponential, 2DOF-PID, stochastic fractal search algorithm, optimization.

1. Introduction ensuring that both system frequency and tie-line power

remain at their nominal levels, whether under normal

With the increasing population and the development of
industry in the world, the need for energy and the complexity
of power systems are increasing day by day. The
fundamental objective of a power system is to consistently
supply consumers with secure and stable electrical energy.
The stability and dependability of the power system can be
maintained through the continuous provision of high-quality
and uninterrupted electric power. Frequency stability in
power systems serves as a key indicator of overall power
quality. Load Frequency Control (LFC) is a critical
technology used to sustain power equilibrium, ensure
frequency steadiness, and maintain power quality. The
primary aim of LFC is to regulate generation frequency and
respond to load variations in interconnected power networks,

operating conditions or during significant load fluctuations.
LFC technology is vital to maintaining power equilibrium,
stable frequency, and high-quality power delivery. The main
purpose of LFC is to regulate generation frequency and load
change in interconnected power systems. while also
maintaining system frequency and tie-line power at their
nominal levels, regardless of normal operating conditions or
significant load fluctuations [1-3]. Beyond mitigating load
disturbances, the LFC must exhibit strong robustness to
withstand uncertainties in system parameters and the
randomness of load variations. Consequently, an effective,
resilient, and fast-responding LFC controller is essential to
achieve optimal performance in today’s complex power
systems.
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In recent years, numerous studies in the literature have
extensively explored LFC strategies to enhance the
operational efficiency of interconnected power systems. In
current research on LFC, PI/PID controller structure is still a
much-preferred controller due to its simplicity, low cost and
many other advantages, and design of the controller and
choice of its parameters are crucial factors that significantly
influence the effectiveness of LFC [5-7]. In [8,9], PSO
algorithm-based PI/PID controller was used for multi-source
PSs with renewable energy sources. In [10], Harris Hawks
optimizer (HHO) algorithm-based Pl controller was
introduced in multi-source PSs with renewable energy
sources. In [11], modified stochastic fractal search (ISFS)
algorithm was used to find PID controller parameters in
three-different PSs of different manufacturing plants. An
EXP-PID controller using the snake optimization algorithm
for frequency regulation in various multi-source PSs was
introduced in [12] and a PI/PID controller tuned with a
modified gray wolf optimizer (GWO) algorithm was
introduced in [13]. In [14], a PID controller optimized using
the Differential Evolution (DE) algorithm was introduced to
determine the optimal parameter settings for the Automatic
Generation Control (AGC) in an interconnected power grid.

Despite the positive results obtained above, researchers
continue to search for effective techniques. In this line of
research, numerous studies are being conducted to overcome
the limitations of conventional PID controllers or to enhance
their structure in order to achieve improved performance. In
[15], presents a novel control strategy for a first-order plus
time-delay (FOPTD) system, applied to a deregulated multi-
area power system (MAPS), termed the FUZZY-(1+PD)-
FOPID controller. For frequency regulation in multi-area PSs
with different sources, DSA based cascade (1+PD)-PID
controller was proposed in [16] and FOPI-FOPD controller
was proposed in [17]. In [18], the nonlinear nature of the
governor dead band (GDB) in PSs was evaluated using a 2-
DOF-PID controller based on the DE algorithm for a two-
area PS with a GDB. In [19], a 2DOF(PI)-PDF mechanism
based on opposition-based volleyball premier league (OVPL)
algorithm was introduced for two-area thermal and
hydroelectric PS equipped with GDB. In [20], proposes a
PD-(1+I1) controller designed using the Rime Optimization
Algorithm (RIME) to enhance both frequency and voltage
stability in a 2-area thermal PS.

In section-2, details the power systems used for research.
Then, in section-3, the modeling of the proposed EXP-
2DOF-PID controller and the Stochastic fractal search
algorithm are introduced. In Section 4, the simulation results
of the proposed study are presented in detail and compared
with similar studies. In Section 5, State Space Model of 2-
ANRT PS is presented. Finally, in section-5 the observations
of the study presented in the paper are concluded.

2. Description and Modeling of Interconnected PS
2.1. 2-Area Non-Reheat Thermal (2-ANRT) PS

Initially, a 2-ANRT PS model interconnected through a
tie-line is used to effectiveness of the proposed controller, as
illustrated in Fig. 2. Each area consists of a thermal
production facility consisting of a non-reheat turbine and
speed governor with the same capacity. The parameters of
this system are listed in "Appendix". In the literature, this
model has often been preferred by researchers to evaluate
LFC approaches [21-23]. In Fig 1, illustrate single-line
diagram of 2-ANRT PS model.
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Fig. 1. Single-line diagram of 2-ANRT PS.

The secondary controller in each area produces an area
control error (ACE) control signal that weights the tie-line
power and frequency deviations by a B factor. This control
signal guarantees that the frequency and tie-line power flow
stay within specified boundaries. When a load variation
occurs in the PS, the Area Control Error (ACE) shifts away
from zero and must be rapidly corrected to return to zero.
Therefore, it requires the secondary controller to be efficient
and high-performance. The speed governor is represented in
a linear form in Fig. 2(a). In Fig. 2(b), the model is revised to
include the effect of the GDB nonlinearity to obtain more
realistic results.
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Fig. 2. Transfer function model of 2-ANRT PS (a) no GDB (b) with GDB.

It is assumed that the GDB valve positions remain the same
at all speed changes, causing oscillations in the system.

Afi(s) = Gps()[AP,;(s) — AP ;($)APy.), =1, 2 ()
Power exchange across the tie-line flowing between
interconnected control areas.

1 7 9
T
Tie-line 13 14 (.) @ APi:ie = %Z[Afl - Afz] (2)
W AP AP H‘@%@ Where, T;, is synchronization coefficient. The signal
= - s equations for A and B are as follows. It is essential to ensure
that the standard deviation of these signals remains zero
Area-1 @ Area-2
ACE, = —BAf; — APy, 3)
Fig. 3. Single-line diagram of 2-AMS PS. ACE, = —BAf, — AP, 4)
As a result, the frequency deviations in both areas as
system outputs are calculated as follows.
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Fig. 4. T.F. model of 2-AMS PS.
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2.2. 2-Area Multi-Source (2-AMS) Power System

The 2-AMS PS model is developed to evaluate the
versatility and controlling capacity of the proposed
controller. In this TF model, there are three different power
plants in each area, namely reheat thermal power plant,
hydroelectric power unit and gas turbine power unit, as
illustrated in Fig. 4. To rigorously evaluate the dynamic
performance of the EXP-2DOF-PID controller, two power
system areas incorporating distinct generating units are
interconnected via a tie-line. Additionally, a participation
factor (K1, Ky, K;) is included to determine the contribution
of each power plant to the total generation. The parameters
of this system are listed in "Appendix". In Fig 3, illustrate
single-line diagram of 2-AMS PS.

3. The Proposed Controller Strategy
3.1. EXP-2DOF-PID

a b(t)

e

At exp(e)

oft) d)

EXP block

The proposed EXP-2DOF-PID controller is given in
Fig. 5. As can be seen, the exponential block is placed in
front of the 2DOF-PID block, and they work in a cascade
manner. Here, the exponential block acts as a variable gain
(a(t)). The error signal e(t) from the system and its time
derivative are passed through two exponential functions and
then nonlinearly combined to produce o(t) [12]. In 2DOF-
PID controller block, there are two control loops. The two
control loops have two inputs, the Reference signal (o(t))
and the variation of frequency (Af), which is the output
signal of the system. to the 2DOF-PID controller includes
two weight parameters (B,,D,,) that help to improve its
performance. The output signal is included in the controller
to expand the working area instead of two points as in
traditional PID controllers [24]. o(t) is then input to the
2DOF-PID controller block to obtain the final output signal

Augxp_2p0r-pip Signal.

Af(1)

S
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2DOF-PID block
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R R
e

Fig. 5. The configuration of EXP-2DOF-PID.

The most important element in the EXP block is the
nonlinear transformation from the error e(t) and its time
derivative e*(t) to a(t). For this purpose, two exponential
functions given in Eq. (5) are considered.

2
(0= 61 (7w 1)

72 1
T+e 2@ )

Where, t,, 75, G4, and G, are variable parameters that
characterize the exponential function to achieve better
performance. Here, G,, represents the upper bound of the
function, 7,, allows obtaining exponential functions with
different steepnesses.

The output of the EXP-2DOF-PID controller is given in

Eq. (6).

oy(t) = Gz(

Au(t) = Ky(©)(Py.0(t) — AF@®) + Ki(D) [, (o () -

AF(D)dt + Ky —d(DW"’:t)_M ©)

(6)

Where K,, K;, K, are gain of PID parameters, P,
denotes the reference weight for the proportional gain, D,,
represents the weight to the derivative, a(t) is a nonlinear

expression of error signal e(t) and o(t) = 0,(t) + 0,(t) and
Af(t) is the variation of frequency.

3.2. Stochastic Fractal Search (SFS) Algorithm

The stochastic fractal search algorithm is a powerful
meta-heuristic optimization algorithm inspired by the natural
phenomena of growth. To find the best server, this method
mimics the fractal property. Here, the two main components
of SFS's search for the best solution are the diffusion and
update processes. In the diffusion process, it increases the
probability of finding the best solution and reaching the
global optimum rather than staying at the optimum value of
the current position. In the update process, the positions of
the points in the group are updated based on the positions of
other points in the search group [25]. Fundamental processes
of SFS algorithm in Fig. 6.

In the initially, P particle population which is initialized
randomly within the boundaries specified by the problem’s
lower (LB) and upper (UB) constraints.

P=LB+¢ x (UB—LB) (7)
Where & is represents a randomly selected value
between 0 and 1. During the diffusion phase, the Gaussian

Walk statistical method is applied to produce new particles
across all populations, as described in Eq. (8) and Eg. (9).
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Diffusion process is conducted for each point in the
population. Subsequently, only the optimal position resulting
from diffusion is retained for each point, others are ignored.

GW, = Gauss(ugp,0) + (eXBP — &' X P;) (®)
GW, = Gauss(ugp, o) ©
([ ° °
[ L Y . . T
Diffusion ¥ o
o 0% 0 ® process I Y,
° 3
o L J 520
(] S
o ° (] P .. 7
e o o
(] (]
o 0 0

Where, € and €' are represent a randomly selected value
between 0 and 1. BP and P; are position of the best point and
i-th point in the population, respectively. ugp and o are that
generate random number, a mean and standard deviation

parameter in the Gaussian Walk function, respectively.

Fig. 6. Main processes of SFS algorithm.

Standard deviation parameter (o) is calculated as a Eqg.
(10).

lo
o= 99 P, — BP| (10)

Where, the generation number (g) of the loi]—(g) term

approaches zero as its elements increase, thus reducing the
size of the Gaussian jumps to approach the solution. In the
next step, the initial phase of exploration involves
performing two sequential updates. In the first update
process, particles are ranked according to their fitness value.
Then, each particle i is given a probability value as in Eq.
(12).

3 rank(P;) (11)
“=TN

Where, N indicates the total number of particles within
the group, Pa; is the probability value calculated based on
the ranking of a particle among others. This equation
determines the probability of particles based on their fitness
values. In the first update phase, for all of point P; in the
group, if Pa; is smaller than a randomly generated number
(&), the j-th component of P; is updated according to Eq.(12),
otherwise it remains unchanged.

P'() =P() —e x (B,() - P()D) (12)

Where, P;’ is the new modified component of P;, P, and
P, are randomly chosen points in the group, & represent a
randomly selected value between 0 and 1. All points obtained
as a result of the first update process are re-ranked using Eq.5
and then the second update process begins. As before, if the
condition Pa; < ¢ is satisfied, a new point is replaced for P;’
using Eq. (13), otherwise it remains unchanged.

P/ =P,—¢& x (P, — BP)|¢' < 0.5

(13)
P/=P,—ex (P,—B)|e >05

In order to obtain a more effective transient response to
frequency regulation depending on the power change in the
LFC system, the optimum values for 7, 75, Gy, G, K, K,
Kq, W, W, parameters of the proposed EXP-2DOF-PID
controller were tried to be searched by using the SFS
algorithm. To test the robustness of the proposed controller,
it was applied to different hybrid power systems separately
and it was seen that the control performance of the system
was effectively increased. Pseudo code of SFS algorithm is
given in Algorithm 1.

Algorithm 1. Pseudo code of SFS

Initialize a population with random particles
while t < maximum generation number

for k = 1: maximum number of dif fision
Diffuse P; based on Gaussian Walks to some
particles to be generated. Eq.(2) and Eq. (3)
end
10 end

1
3
4
5 for each particle P; in the group
6
7
8
9

12 First, all points are ranked based on Eq.(5)
13 For each particle P; in the group

14 if rand(0,1) > Paq;

15 Calculate and update particle P; by Eq.(6)
16 end

17 end

18

19 Once again, all points obtained by the first update
20 process are ranked based on Eq.(5).

21 for each particle P; in the group

22 if rand(0,1) > Pa;j

23 Update position based on Eq.(7)

24 end

25 end

26 t=t+1

27 end

75



INTERNATIONAL JOURNAL of SMART GRID
M. Karayel, Vol.9, No.2, June, 2025

There are four types of performance criteria in determining
the optimization-based controller parameters. These are 1AE,
ISE, ITSE and ITAE. In the literature, ISE and ITAE criteria
are commonly used due to their better performance in LFC
studies. ITAE cost function gives faster results than ISE in
power systems due to its time-weighted structure, fast
recovery of long-term faults, short settling time and better
damping of oscillations [26]. Therefore, ITAE was preferred
as the cost function in this study.

In this study, ITAE was preferred as the objective
function. With the smallest value of the ITAE function, the
control response of the power and frequency changes that
settle at 0 pu value in the shortest time was tried to be
obtained. The EXP-2DOF-PID controller design was tried to
solve as a constrained optimization problem. Therefore,
ITAE value is minimized by considering the inequalities in
Eq. (14).

T < 17 < T < 15 < TP,

GI'™ < G} < GM%*, GV < G < G, (14)

min * max min * max
KMn < Ky < KJ Kmn < K; < Kex,

KMt < K7 < KM, KMt < Ky < K

W < Wy < WpmeE, WM < Wy < W

Where, min and max represent the lower and upper
limits of the controller parameters. In this study, the
controller parameter bounds were chosen as [0, 2] for t,-7,,
and [0, 5] for the others parameters, in accordance with
ranges commonly adopted in the literature [12], [18], [21],
[27-29]. After the optimization process, the values of 7, 13,
Gi, Gy, Ky, K, K3, Wy, W which give the minimum value
of the ITAE cost function, were taken as the most
appropriate values of the controller parameters and used in
simulation studies.

4. Simulation Results

Initially, the effectiveness of the proposed EXP-2DOF-
PID controller is evaluated using a 2-ANRT PS model that
excludes the GDB. Throughout the simulation, a load
disturbance of 0.1 per unit is introduced in Area 1 at t;, =
0s.

Table 1. Comparative performance analysis in term of controller parameters and t;/J;r4x for 2-ANRT PS, excluding GDB.

_ TLBO: hPSO-PS: ISFS: DSA: DSA: SFS: EXP-
Algorithm 2DOF PID fuzzy PID[21] FOPID[18] FOPI- 2DOF-PID
[27] PID[28] FOPD[18] [proposed]
Parameters K, = 1.892 K, =0985 K, =1.629 K, =1.248 K, =1248 1, =1871
K; = 1.747 K, =0.559 K; =2.00 K; =2999 Ky, =2999 G, =4.862
Ky =0.226 K, =0993 K;=0588 K;=300 K;=2999 1, = 1.925
N =112.82 K; = 0.720 A1 =1.100 K4 = 3.00 G, = 1.839
W, = 0.483 u=0631 1=1.100 K, = 0.827
Wy = 1.120 u=0631 K; = 4.896
K; = 0.009
W, = 1.541
W, = 2.879
t, (s) Afy 241 2.26 2.15 1.13 0.72 0.44
(2%band)  af, 213 3.74 3.66 2.73 1.78 1.69
AP 256 2.94 3.01 2.23 0.86 0.57
JiraE 0.0269 0.1438 n/r 0.0778 0.0180 0.0080
The performance response of the proposed controller is 0.02
compared with recent studies under the same conditions in 0
Table 1. It is seen that the j;;45 Of the responsesAf;, Af, and R
AP,;, are minimized with the proposed controller and its T -0.02
value is 8E-03. The proposed controller achieves settling ~ -0.04 —TLBO: PD
times of 0.44 s, 1.69 s, and 0.572 s, which are the lowest S 006 ——ISFS:PID
among others. DSA: FOPID
-0.08 ——DSA: FOPI-FOPD | |
—— EXP-2DOF-PID

In Fig. 7, the frequency and tie-line responses are
shown comparatively in a 2-ANRT PS, excluding GDB. It is
clear that the proposed EXP-2DOF-PID controller exhibits a
small initial undershoot when responding to a 0.1 pu load
change but swiftly stabilizes at zero without oscillations.

01 2 3 45 6 7 8 910
time (s)

(@)
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Fig. 7. Responses comparison for 2-ANRT PS excluding
GDB (a) Afy (b) Af; (C) APye.

In Table 2 presents the optimization simulation results
when the system is 2-ANRT PS with GDB nonlinearity and a
load variation of 0.01 pu is applied to area-1 at t; = 0 s. The
results obtained were compared with published studies under
the same conditions. Considering the error rates in Table 2,
As seen that the proposed scheme outperforms all its
competitors. . jr4p Value is 19E-03 and Settlement times are
Af, = 0.5s, Af, = 1.35s and AP,;, = 1.02s.

The comparison of system responses of 2-ANRT PS
with GDB is given in Fig. 8. As clearly seen that by
including the nonlinearity with GDB, there are oscillations in
the responses of other studies but the proposed controller is
least affected. After the initial drop, the responses of Af;, Af,
and AP,;, stabilize at zero in a short time using the proposed
approach.

Finally, the optimized controller parameters of
proposed and published similar works for 2-AMS PS are
given in Table 3. All the results given in Table 3 were
obtained by applying a 0.02 pu load change to area-1 at, t, =
0 s. Examining the results in the table, the SFS tuned EXP-
2DOF-PID controller parameters can be obtained as
effectively as possible, which makes it possible to minimize
Jirag-(0.02237).

Table 2. Comparative performance analysis in term of controller parameters and t;//;74¢ for 2-ANRT PS with GDB.

DSA: SFS: EXP-
Algorithm DE: PID [29] PII?)F[;] FO?)ISQ['R] FOPI- 2DOF-PID
FOPD[18] [proposed]
Parameters K, =0238 K, =0.389 K, = 2557 Ky = 2318 7, = 1491
K; =0.971 K; = 1.011 K; =2999  Kj; =2.999 G, =3.751
K;=0492 K;=0.769 K;=0793 K; =2987 7, =0.703
A =1.002 Ky = 0.439 G, = 1.020
u=1.251 A =1.000 K, = 2.586
i = 1464 K; = 4.129
Ky = 1561
W, = 1.018
W, = 0.459
ts (s) Af, 6.87 6.25 2.34 1.22 0.50
(2% band) Af, 6.89 6.48 3.63 2.25 1.35
AP, 4.40 4.40 2.33 1.05 1.02
JiraE n/r n/r 0.0121 0.0034 0.0019
Additionally, the proposed method has less settling time «1073
than other compared studies. Af;, = 2.18, Af, = 3.48s and S
APy, = 1.98s. 0
In Fig. 9, frequency and tie-line responses are compared i = : :Dsli:SF-)llng
for the 2-AMS PS. When Fig. 9 is examined, as seen that the = -10 —DSA- FOPID
responses with the SFS optimized EXP-2DOF-PID controller < ——DSA: FOPI-EOPD
are faster, do not include oscillations, and are more effective -15 —  EXP-2DOFE-PID | |
than the others. oo L
012 3 456 7 8 910
time (s)
(@)
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Fig. 8. Responses comparison for 2-ANRT PS with GDB (a)
Afi (b) Af; (C) APye.
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Fig. 9. Responses comparison for 2-AMS PS (a) Af; (b) Af;
(C) APtie-

In conclusion, the system is tested with random load
variations to assess the stability and robustness of the EXP-
2DOF-PID controller optimized using the SFS algorithm.
For this purpose, 2-ANRT power system has been designated
as the test model. The controller's parameters, provided in
Table 1, remain fixed and are not adjusted to respond to the
updated system state. Throughout simulation, load variations
are applied to all areas as in Fig. 10. As illustrated, load
variations have complex properties that change continuously
and instantaneously.

0.5
0.4
0.3
0.2
0.1

0
-0.1 ¢
-0.2

|
0 20 40 60 80 100

Random load changes (pu)

Fig. 10. Random load variation.

Fig. 11 illustrates the frequency and tie-line responses
under random load variations. As can be seen in Fig. 11(a),
frequency control remains effective. Sudden load changes
that are quickly handled show a good response, similar to the
first one. Also, it should be emphasized in Fig. 11(b) that
AP,;, rapidly and steadily returns to zero following every
load change. In conclusion, we can state that the proposed
SFS tuned EXP-2DOF-PID controller design shows
excellent performance by achieving good distortion rejection
without changing the parameters.
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Table 3. Comparative performance analysis in term of controller parameters and t,//;r 45 for 2-AMS PS.

. DE: MGWO:  hSFS-PS: DSA: DSA: SFS: EXP-
Algorithm PI [30] PID[31]  PID[32] FOPID[18] FOPI- 2DOF-PID
FOPD[18] [proposed]
Parameters Unitl: Unitl: Unitl: Unitl Unitl Unitl:
K,=0779 K,=1750 K,=-1707 K, =1999 Ky = —2 1, = 1.986
K,=0276  K,=-0009 K, =-1959 K, =2.000 Ky, = =2 G, = 4.999
K,=0689 K,;=0750 K,=-1393 K, =1.999 K =-2 T, = 0227
Unit2: Unit2: Unit2: A=0.502 Ky =-2 G, = 2.614
K,=0580 K,=0311 K,=—-0745 u=0239 1= 0.504 K, = 4777
K, =0229 K, =0310 K, =0.137 Unit2: 4 =0.010 K; = 4.698
K;=0708 K,=0003 K,=-0990 K,=1203 Unit2: K, = 4434
Unit3: Unit3: Unit3: K; = 1.191 Kp1 = 1.743 W, = 4.942
K,=0502 K,=0009 K,=-1825 K,=-0437 Ky =2 W, = 0.763
K; = 0.953 K; = 1.241 K; = —1.681 A=0.507 K, =-2 Unit2:
K,=0657 K,;=0690 K,=-0163 u=0375 K,=-1363 1, =0867
Unit3: A1=0.951 G, = 3.315
K, = 0.927 u=0.088 7, = 0.088
K=2 Unit3: G, = 3.227
K; = 1.999 Kp1 = -2 K, = 3.820
A=1.210 Ky, = —1.781 K; = 1.257
1 =1268 K =-2 K, = 0200
Ky =—2 W, = 1.449
A =0.869 W, = 0.176
u=12 Unit3:
7, = 1.791
G, = 4986
7, = 1.241
G, = 2.149
K, = 2.624
K, = 0.725
K, = 0439
W, = 2.850
W, = 2.061
Afl 20.91 15.69 11.47 8.31 4.38 2.18
go(z)ban g Oz 208 20.05 13.66 6.25 451 3.48
vio 1154 17.82 12.28 651 3.98 1.98
J it 1.0566 0.9197 0.3818 0.1557 0.0461 0.02237

5. State Space Model of 2-ANRT PS

To perform a detailed analysis of the 2-ANRT PS
shown in Fig. 2(b), the full state space model of the system is
expressed as follows:
x =Ax + Bju + B,w (15)

Where, x denotes the state variables in Eqg. (16), A
denoted the state matrix, B, and B, are the control and

disturbance matrix, respectively. u and w are the control and
disturbance variables, respectively.

T
x = [Af1 APy APy Afy APgy APy APy, f (ACE, — ACE,)dt (16)
Where, Af; and Af, are refer to frequency deviations in
Areal-2, AP,; and AP, are generator output powers, APy
and AP, are turbine output powers, APy, is tie-line power,
ACE; and ACE, are area control errors. The disturbances
variables are expressed as follows:
w = [AP, APLZ]T (17)
Where, AP, and AP,, are refer to load deviations in
Areal-2. The control variables are expressed as follows:
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u = [Auy Au, |7 (18)

Where, Au, and Au, are refer to output of the EXP-
2DOF-PID controller in Areal-2.
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Fig.11. Respectively frequency and tie-line power deviations
responses at change load.

6. Conclusion

A new SFS-optimized EXP-2DOF-PID controller is
proposed in this work to solve the load frequency control
problem in power systems with diverse structures. The EXP
function block placed before the 2DOF-PID controller
processes the error and its time derivative, combining them
to generate a nonlinear error signal. The signal serves as the
input to the 2DOF-PID controller. Such a controller design
has been proven to have an excellent control strategy. In
order to obtain the highest possible performance from the
proposed controller, the SFS algorithm is applied to
determine the controller parameters values. To highlight the
robustness and reliability of the proposed controller, it is
applied to 2-area single/multi-source PSs, which are widely
used in research on this subject. The pu load change value
applied to each PS model is determined to be the same as
other studies compared to making a fair comparison. In the
tests, the EXP-2DOF-PID controller outperformed all its
competitors in relation to error rate and settling time. In the
tests, it was seen that the EXP-2DOF-PID controller has
better performance than all its competitors in relation to error
rate, settling time and it quickly damps even load changes
with large oscillations. In real-world power systems, the
communication network introduces delays, date losses, and

noise in measurement signals due to sensor inaccuracies.
These factors can significantly degrade the performance of
time-sensitive controllers like 2DOF-PID, especially in wide-
area control applications. The current study does not
incorporate such practical communication constraints.

Appendix:

e 2-ANRT PS model excluding GDB are [21], [27], [28];
T;; =0.545 pu MWirad, T,s =20 s, K,s=120
Hz/pu, T, = 0.3 s, T, = 0.03 s, R = 2.4 Hz/pu, B =
0.425 pu MW/Hz, f, = 60 Hz.

e 2-ANRT PS model with GDB are [21], [28], [29];
T, =0.444 pu MWirad, T,s =20 s, K, =120
Hz/pu, T, =03 s, T, =02 s, R=24 Hz/pu, B =
0.425 pu MW/Hz, f, = 60 Hz.

e 2-AMS PS model are [21], [30, [32]; T;, = 0.433 pu
MWi/rad, T,s = 11.49 s, K,; = 68.9566 Hz/pu, T, =
03 s, Typ =02 s, R=24 Hz/pu, B=04312 pu
MW/Hz, f, = 60 Hz, Ty, = 0.08s, T, = 10, T,s = 5 s,
Ton = 28.75s, T, = 0.01s, T, =055, T = 0.23 s,
T,=1s b;=005s¢,=1,X.=06s, Y, =1s5,
K. =03, Ky =0.543478 pu, Ky =0.326084 pu,
K; = 0.130438 pu.
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