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Abstract

This study deals with the evaluation of load frequency control (LFC) by
sliding mode controllers (SMC), which have two different structures. As
the LFC is one of the significant problems of power systems, there have
been many solutions proposed for this problem, especially based on the
well-known PID controller. The SMC is an effective alternative that has
been focused on for power systems. Therefore, two recently popular SMC
algorithms are evaluated for the LFC of a single-area power system. One
algorithm is model-based, first-order SMC, and the other one is a model-
free, second-order super-twisting SMC algorithm smoothed with a
hyperbolic tangent function. Optimization of the controllers is
performed with two metaheuristic algorithms, the Sine Cosine
Optimization Algorithm (SCA), and the Grey Wolf Optimizer (GWO). The
controllers’ performance is evaluated for an applied 0.1pu load.
Detailed results are given in tabulated form and graphically.

Keywords: Load Frequency Control, Sliding Mode Control, Sine
Cosine Optimization, Grey Wolf Optimizer

Oz

Bu ¢alisma, yiik frekans kontroliiniin (YFK) iki farkli yapiya sahip Kayan
Kipli Kontrol (KKK) ile degerlendirilmesini ele almaktadir. YFK gii¢
sistemlerinin énemli problemlerinden biri oldugundan, bu problem i¢in
dzellikle iyi bilinen PID kontroldriine dayali bir¢ok ¢éziim énerilmistir.
KKK, gii¢ sistemleri i¢cin lizerinde durulan etkili bir alternatiftir. Bu
nedenle, son zamanlarda popiiler olan iki KKK algoritmasi tek alanli bir
gli¢ sisteminin YFK icin degerlendirilmistir. Algoritmalardan biri model
tabanli, birinci dereceden KKK, digeri ise hiperbolik tanjant fonksiyonu
ile yumusatilmis, modelsiz, ikinci dereceden siiper biikimli SMC
algoritmasidir. . Kontrolérlerin optimizasyonu iki meta sezgisel
algoritma olan Siniis Kosintis Optimizasyon Algoritmast ve Gri Kurt
Optimize Edici ile gerceklestirilmistir. Kontrolérlerin performansi
uygulanan 0.1pu yiik icin degerlendirilmistir. Detayli sonuclar tablo
halinde ve grafiksel olarak verilmistir.

Anahtar kelimeler: Yik Frekans Kontroli, Kayan Kipli Kontrol, Siniis
Kosiniis Optimizasyonu, Gri Kurt Optimize Edici.

1 Introduction

In electric power systems, maintaining a stable and reliable
frequency is a critical factor for ensuring continuous and
balanced operation. Load variations in the grid can disrupt the
balance between generation and consumption, leading to
frequency fluctuations. To prevent these fluctuations and keep
the system at its nominal frequency, Load Frequency Control
(LFC) plays a crucial role. LFC's primary objective is to keep
power exchange and frequency within the desired limits across
various regions [1]. Load frequency control is based on
continuously monitoring the system frequency and detecting
deviations. When there is a deviation in the frequency, it
generates an error signal. An appropriate control input is
produced since the error signal is fed into the control system to
recover the disturbed frequency. Consequently, LFC represents
one of the key challenges for power systems.

Tiirkiye operates in synchronization with the European Union
(EU) as part of the European Network of Transmission System
Operators for Electricity (ENTSO-E). The nominal frequency in
both Tiirkiye and the EU is 50 Hz. However, generation modules
must continue to operate even when deviations from the
nominal frequency occur. For example, in the European
continent, they are expected to remain in the system within the
49.0 Hz to 51.0 Hz range without any time limitation. For other
frequency ranges, specific operational duration requirements

*Corresponding author/Yazisilan Yazar

have been established. For instance, generation modules must
be capable of operating for at least 30 minutes within the 47.5
Hz to 48.5 Hz frequency range [2]. In Tiirkiye, the nominal
system frequency is regulated by the Turkish Electricity
Transmission Corporation (TEIAS) within the range of 49.8-
50.2 Hz. TEIAS and user equipment must be designed to
operate continuously within the 49.0-51.0 Hz range and for at
least 30 minutes within the 47.5-48.5 Hz range or 51.0-51.5 Hz
range [3].

The controller design is of great importance for load frequency
control applications. Optimized PID controllers remain widely
used in industry due to their simplicity and efficiency [4].
Nevertheless, numerous scholars have noted in the literature
that PID adjustments made with traditional methods lack
robustness, prompting investigations into new controller
designs. [5]. Therefore, there are a lot of proposed methods for
load frequency control systems in literature such as sliding
mode control (SMC) [6], [7], [8], [9], [10], [11], [12], [13],
fractional-order PID [14], [15], fractional-order fuzzy PID [16],
and internal model control (IMC) [5], [17]. Various studies in
the literature demonstrate that the SMC method provides an
effective solution for load frequency control. This method has
been successfully applied to single-area (SAPS), two-area
(TAPS), and multi-area power systems (MAPS) by
incorporating different optimization algorithms. For instance,
in a MAPS, a Particle Swarm Optimization (PSO)-based Sliding



Mode Control (PSOSMC) method has been proposed [9].
Another study demonstrated that SMC, when tuned with the
Bees Algorithm (BA), exhibits superior performance compared
to other controllers [10]. Similarly, for a SAPS, LFC has been
implemented using the Sine Cosine Optimization Algorithm
(SCA) [15]. Further literature analysis, the readers can refer
these studies [18], [19], [20].

Although the conventional SMC provides robust control against
parameter variations and disturbances in the controlled
system, its main drawback is the chattering, which excites
undesirable high-frequency dynamics [18]. The drawback is
caused by the signum function in the control input and is
overcome by replacing the smooth functions instead of the
signum function [18], [19]. To alleviate chattering, Second-
Order Sliding Mode Control (SOSMC) methods have been
proposed as an alternative solution. For example, it has been
stated that SOSMC reduces the chattering effect compared to
classical SMC and the conventional PI controllers [7]. In another
study, it was demonstrated that the Super-Twisting SMC (ST-
SMC) outperforms the integral controller for the LFC in a TAPS
8].

In the present study, two recently proposed types of sliding
mode control algorithms are evaluated for load frequency
control of a SAPS. One is the conventional type of SMC based on
a PID+D2 sliding surface [10], [13], [23], and the other is super-
twisting SMC smoothed with a hyperbolic tangent function
[24], [25]. According to the relative degree, the first one is a
first-order SMC, in which system model parameters are used to
construct the control input, and the other is a second-order SMC
algorithm. To the best of our knowledge, the selected SMC
algorithms are first evaluated for the LFC of SAPS. The
parameters of both controllers are optimized with well-known
metaheuristic algorithms.

The remainder of the paper is organized as follows. In section
2, the principle of load frequency control is explained. Then, the
design principles of the selected SMC algorithms are given in
detail in Section 3. The optimization algorithms are introduced
in Section 4. Section 5 contains the results of the optimization
and a related discussion. Section 6 includes the conclusion of
the paper.

1.1 Load Frequency Control

LFC is crucial for the sustainable operation of power systems.
LFC aims to ensure that the power generated matches the
power demanded in the system, thus maintaining the frequency
at its nominal level. A SAPS' LFC comprises a governor, a
turbine, a generator, and a load.

As the real power systems consist of many complex parameters,
linearized models have been frequently preferred in scientific
studies. For example, IEEE recommended a linear excitation
system model for power system stability studies [21].
Therefore, a linear model-based SAPS was selected from the
previous studies to evaluate the performance of the SMC
algorithms. Fig. 1 depicts the block diagram of a SAPS featuring
linearized transfer functions.
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Figure 1. Single area power system block diagram

The whole transfer function between the control input and the
frequency deviation at the output of the generator can be
written as follows:

k
G(s) = L 1
©) (tps + D(res + D(tgs + 1)+k, /R S
The parameters of the SAPS are shown in Table 1 [13].
Table 1. Parameters of the SAPS in Fig. 1
Description Parameter Value
Gain Constant of Power kp 120
System
Time Constant of Power Tp 20
System
Time Constant of Turbine T 0.3
Time Constant of Governor T, 0.08
Constant of Speed Regulation R 2.4

When the parameters given in Table 1 are substituted into the
transfer function given in Eq. (1), one has:

120
- 2
G(9) = 54857 7 7.6252 1 20385 7 51 2)
Eq. (2) can be simplified as:
250
G(s) = (3)

s34+ 15.8852 + 42.455 + 106.25

In the next section, the third-order transfer function, Eq. (3), is
used in the sliding mode controller design as:

A
s3+Bs?2+Cs+D

G(s) = (4)

2 Sliding Mode Controllers’ Design

SMC was introduced to the international literature by Utkin in
1977 [23]. Since then, sliding mode controllers have been
commonly employed in industries because of their durability
and reliable performance. This method, preferred for the
control of nonlinear systems, is resistant to parameter
uncertainties and external disturbances. However, one
disadvantage of SMC is the occurrence of unwanted vibrations
in the control input, known as "chattering," caused by high-
frequency switching signals [18], [20], [24]. The control input
generated by SMC consists of an equivalent control law, uq (t),
and a switching control law, ug,(t). While the equivalent
control signal is sought in sliding surface function derivatives,
the switching control signal is selected, taking into account the
stability of the system. The control signal is then found as:

u(t) = Ueq @) + usw (@) (5)

2.1 PID+D2 sliding surface-based controller

The control signal of the model-based SMC algorithms can be
obtained with a few steps, as follows:

e Decide on a sliding surface function

e Obtain the equivalent control law using the system
model

e Find ideal sliding mode

e Decide the switching control law that provides
stability.



2.1.1 PID+D? sliding surface

In recent studies on power systems, PID+D? sliding surface-
based controllers were proposed [10], [13], [20]. Therefore, in
this study, this type of controller is selected for the evaluation,
given in Eq. (6):

d d?
o(t) = kye(t) + k, f e(t)dt + ks ae(t) + k4Ee(t) (6)

where e(t) is the error in frequency, e(t) = r(t) — y(t), r(t)
denotes reference and y(t) denotes output frequency
deviation, Af. Since Af = 0 is desired, the error is e(t) = 0 —
Af = —Af.The constants kq, k,, k3, ks € RT.

2.1.2 Equivalent Control Law

The control input based on the sliding surface in Eq. (6) is
obtained by a number of derivation steps. The first step is to
obtain inverse Laplace transform of the system model in Eq.

(4):
y(®) = Cu(®) — Ay(t) — By(t) — Dy(t) (7
Substituting Eq. (7) into €(t) = ¥(t) — ¥(t) results in:
e(t) =F(t) + Ay() + By(t) + Dy(t) — Cu(t) (8)

As described in the previous section, the control input is sum of
equivalent and switching control laws. The u,(¢), is sought in
the derivatives of the sliding surface. For the selected sliding
surface, in Eq. (6), its first-order derivative contains the control
input. The first-order derivative of Eq. (6) is as follows:

G(t) = kpé(t) + kye(t) + k3é(t) + k,é(t) 9)

The control input was found in the first-order derivative of the
selected function for the system in Eq. (1), which is why it is
referred to as first-order SMC or conventional SMC.

Substituting Eq. (8) into Eq. (9) gives:
g(t) = kyé(t) + kpe(t) + k3é(t)
+ ky[i°(8) + Ay(6) + By(6) + Dy(t) (10)
— Cu(v)]

The u,4(t) is obtained by equating Eq. (10) to zero:

Ueq (£) = k%c [k1e(t) + koe(t) + ks8(t)
+ ky[F(®) + AF(0) + By(6) + Dy (0)]]

(11

2.1.3 Ideal Sliding Mode

At this step of the derivation, u(t) = ugq(t) + ug, (t)

and u,4 () is substituted into Eq. (10). Then, one can have the
ideal sliding mode as follows:

6 (t) = —kyCugy (t) (12)

2.1.4 Switching Control Law

The last step involves selecting a switching control law that
ensures stability. To achieve this, a positive definite Lyapunov
function is chosen as follows:

V(t) = 0.502%(¢t) (13)

According to the theorem, derivative of Eq. (13) must be
negative definite, as follows:

V(t) =o(t)d(t) <0 (14)
Since d(t) is known, Eq. (12), one can find that:
V(t) = _k4CJ(t)uSW(t) (15)

In the literature, switching control law is generally decided as a
signum function with a constant, such as ug, (t) = kg, (a(t)).
Since sgn(o(t)) = |o(t)|/o(t), Eq. (14) becomes V(t) =
—k,Cla(t)| < 0. This results in a selected switching control law
that makes the system stable.

Summing out both equivalent and switching control laws
constitute the control input as:

1
u(t) = %iC [kie(t) + kpe(t) + ksé(t)

+ Kk, (#(t) + Ay (t) + By(t) + Dy(t))]
+ kstgn(U(t))

(16)

The sign function in Eq. (16) generates a highly oscillating
control signal, namely, chattering. Therefore, it is smoothed by
replacing it with the hyperbolic tangent function as [18]:

u(t) = k,%c [kie(t) + kye(t) + k3é(t)

+ ks (F(0) + Ay (6) + By(6) + Dy(t))]
+ kg tanh(a(t))

(17)

The block diagram of the PID+D? sliding surface-based
controller is illustrated in Fig. 2.

2.2 Hyperbolic Tangent-based ST-SMC

The ST-SMCis a second-order sliding mode control method that
provides continuous control signals. On the other hand, the
algorithm needs knowledge of the sign of the sliding variable.
In this study, the sliding variable is defined as the tracking error
of the frequency deviation, s(t) =r(t)—y(t) = —Af.
Basically, the control input of the super-twisting algorithm is as
follows [25]:

Use = ky|s(®)|*3sgn(s(6)) +uy (6)
where (18)
Uy = kysgn(s(t))
In Eq. (18), k; and k,are gains of the controller, k;, k,, € R*.
As stated in [25], the controller does not generate a smooth
control input. Therefore, the following hyperbolic tangent-
based ST-SMC algorithm [21], [22] is preferred in this study:
uge = ky|s(8)|%3tanh(s(t)) + uy (t)
where (19)
Uy = kytanh(s(t))

The block diagram of the hyperbolic tangent-based ST-SMC
algorithm is illustrated in Fig. 3.
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Equivalent Control Law Block Diagram
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Figure 2. The PID+D2 sliding surface-based SMC block diagram.
S

Figure 3. The hyperbolic tangent-based ST-SMC block diagram

3 Optimization Algorithms population principles and investigate optimal values from
predefined search spaces for each control parameter.
The current study employs two metaheuristic optimization

algorithms to investigate the optimal controller parameters 3.1  Sine Cosine Optimization Algorithm
descr_ibed in the preceding section. Two _Of the optimization The Sine Cosine Optimization Algorithm (SCA) was proposed
algorithms are SCA and GWO. Both algorithms are based on by Seyedali Mirjalili. The algorithm attempts to find the optimal

value using sine and cosine functions. It starts optimization



with an initial set of random candidates selected in the
predefined search spaces. Then, it saves the best obtained data
and updates other solutions accordingly [26]. The algorithm is
based on the oscillation of sine and cosine functions including
random variables, as follows:

e {Xf + 1y X sin(ry) X |rsPf — Xf|, 7, < 0.5 20)

‘ XE+7 X cos(ry) X |rsPf — Xf|, 74 = 0.5

where X} stands for the position of the current solution in i**
dimension at the t" iteration, 1,75, 13 are random variables, P;
denotes the position of the destination point in the
i" dimension and r, is a random number in [0,1] [26].

The effects of Sine and Cosine in Eq. (20) are demonstrated in
Fig. 4, and the flowchart of the SCA is illustrated in Fig. 5.

@ X (Solution)
O P (Destination)

O Next Position region when  ry>1

) Next Position region when  r,<1

Figure 4. Effect of Sine Cosine in Eq. 20.

3.2 Grey Wolf Optimizer

The Grey Wolf Optimizer (GWO) is an optimization algorithm
inspired by nature, designed to mimic the hunting strategies
and social hierarchy of wolves. It was developed by Seyedali
Mirjalili and his team in 2014 [27]. Grey wolves, which are
thought to be at the top of the food chain and live in packs, are
the model for the GWO, a swarm-based algorithm. The GWO
algorithm's initial optimization step involves generating a
random population of grey wolves, named as alpha, beta, and
delta wolves, or potential solutions. The wolves make iterations
to determine the prey's likely location. The distance between
each possible solution and the prey is updated. When an end
criterion is satisfied, the GWO algorithm is finally ended.

In the present study, the PID+D? sliding surface-based SMC and
hyperbolic tangent-based ST-SMC are evaluated for the LFC of
a SAPS. The optimization process is aimed at minimizing the
integral of squared error (ISE), which is commonly preferred as
a performance indicator in optimization problems. ISE is
defined as:

ISE = fez(t)dt (21

Start

Initialize the population of search agents randomly
(Solutions) (X)

> Evaluate each search
agents with the objective function

Update the best solution obtained so far (P)

[ Update 1. 7o, r3, and ry.

t < Maximum

number of iterations

The best solution obtained so far as the
global optimum

Figure 5. Flowchart of SCA

4 Optimization results and discussion

A step load of 0.1 pu has been applied to the system at t=1, and
10s simulation has been performed.

Repeated debugging can guarantee optimal control
performance by determining the search spaces of the controller
parameters. The optimum values are obtained using the GWO
and SCA due to the specified search spaces provided in Tables
2 and 3.

Table 2. Search spaces of the PID+DZ sliding surface-based
controller parameters

Parameter Search space
kow 5-60
ky 10-100
k, 0.1-70
ks 0.5-20
k, 0.01-0.1

Table 3. Search spaces of the Hyperbolic Tangent-based Super-
twisting SMC

Parameter Search space
kq 0.1-5
kp 0.1-10

4.1 Optimization of PID+D?2 sliding surface-based
controller

In the optimization stage of the controller, the performance of
the optimization algorithms is evaluated with varying numbers
of iterations. There are five parameters to be optimized in the



PID+D2 sliding surface-based controller. In Tables 4 and 5, the
optimization results are obtained with SCA and GWO,
respectively. It is clear from the tables that the optimum
parameters vary in a large band, while the resultant ISE varies
in a narrow band. Bold & italic results indicate the best one in
the corresponding table, and system responses are given in
Figs.6 and 7.

When the load is applied at t=1s, the PID+D2 sliding surface-
based controller recovers the frequency deviation immediately.

4.2 Optimization of Hyperbolic Tangent-based Super-
twisting SMC

Hyperbolic Tangent-based Super-twisting SMC is tunable with
two parameters. The optimal controller parameters are
explored with SCA and GWO. The results are given in Tables 6
and 7. Bold & italic results indicate the best one in the
corresponding table, and system responses are presented in
Figs. 8 and 9.
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Figure 6. Response of the PID+D? sliding surface-based
controller with the SCA-optimized best parameters of Table 4
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Figure 7. Response of the PID+D? sliding surface-based
controller with the GWO-optimized best parameters of Table 5

Table 4. Optimization results of PID+D2 sliding surface-based controller with SCA

Number of Iteration ISE
search agents number Ky ka ks ky Ksw (x10-3)
20 25 40.0000 51.4346 7.5438 0.0104 22.1013 0.4800
30 25 22.1013 59.3572 4.1994 0.0153 16.7905 0.4113
25 40 38.4343 45,0000 7.7681 0.0318 14.9787 0.4595
30 50 38.6044 49.5735 10.000 0.0414 18.8916 0.5095
20 20 37.1740 37.8087 3.0243 0.0284 16.3577 0.3632
40 30 18.9504 0.45504 2.2082 0.0239 17.5409 0.3602
25 20 18.3862 1.20420 2.2210 0.0100 20.0000 0.3757
30 30 17.7090 1.05010 2.0000 0.0351 19.7646 0.3560
25 40 17.3751 0.70370 1.0823 0.0434 20.0000 0.3322
50 30 16.7119 0.36190 2.2825 0.0103 18.0000 0.3934
Table 5. Optimization results of PID+D?2 sliding surface-based controller with GWO
Number of Iteration ISE
grey wolfs number ky ke ks ka Ksw (x103)
20 25 87.9313 1.0689 6.3081 0.0813 11.9347 0.3274
30 20 76.8929 0.9748 49444 0.0680 9.4022 0.3279
50 30 94.5270 0.9502 6.5141 0.0767 10.9089 0.3277
25 25 89.0071 1.2544 6.0810 0.0724 9.9990 0.3276
40 25 49.6900 0.1137 3.5945 0.0509 35.9288 0.3275
30 30 51.7758 0.3512 3.9937 0.0584 43.4482 0.3277
40 50 34.1611 0.5963 2.2332 0.0155 20.0000 0.3277
25 40 54.1647 0.4456 3.8907 0.0534 25.5353 0.3275
25 20 47.3721 0.1752 3.3545 0.0483 30.3545 0.3275
30 20 59.4858 0.3449 4.1234 0.0667 40.0884 0.3279




Table 6. Optimization results of Hyperbolic Tangent-based
Super-twisting SMC with SCA

Number of Iteration k k ISE

search agents number a b (x10-3)
25 25 0.8000 2.7000 20.48
30 20 0.6420 0.9855 24.27
20 40 0.8000 2.7634 15.63
50 30 0.7455 2.5023 17.98
20 25 0.7000 0.5000 20.48
40 20 0.8000 2.3030 15.64
25 30 0.8000 2.1022 15.65

Table 7. Optimization results
Super-twisting SMC with GWO

of Hyperbolic Tangent-based

Number of Iteration k k ISE

grey wolfs number a b (x10-3)
25 25 0.7000 0.6965 20.47
25 40 0.6912 0.8000 20.99
40 20 0.7710 2.8000 16.81
30 30 0.7869 3.7816 16.12
20 25 0.6000 0.8000 27.75
40 20 0.7000 0.9684 20.46
30 50 0.7000 0.7000 20.47
50 50 0.7000  0.9000 20.46

While the optimum parameters and resultant ISE magnitude
vary largely, both optimization algorithms, SCA and GWO, are
able to find various combinations of controller parameter
magnitudes that give satisfactory output.

The PID+D2? sliding surface-based controller produced more
appropriate control input to reject the applied disturbance than
that of Hyperbolic Tangent-based Super-twisting SMC. Because
of the oscillatory output, the ISE and ITAE measurements are
larger when Hyperbolic Tangent-based Super-twisting SMC
used, as seen in Table 8.

As understood from the best ISE magnitudes, the output
characteristics of the optimized parameters are nearly the
same. On the other hand, the controller parameters are
significantly different. All simulation results provide the

frequency regulations of Tiirkiye and the EU.

Figure 8. Response of the Hyperbolic Tangent-based Super-
twisting SMC with SCA-optimized best parameters of Table 6
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Figure 9. Response of the Hyperbolic Tangent-based Super-
twisting SMC with the GWO-optimized best parameters of
Table 7

The phase trajectory of the Hyperbolic Tangent-based Super-
twisting SMC algorithms is given in Fig. 10. As seen in the figure,
the system response oscillates and then stabilizes at the origin.

0.25

0 0.01 002 003 004 005 006 0.07 008 009 0.1
a(t)
Figure 10. Hyperbolic Tangent-based Super-twisting SMC
algorithms’ phase trajectories

As expected, the performance of model-based SMC (PID+D2) is
better than the performance of Hyperbolic Tangent-based
Super-twisting SMC. Considering the real application of a
controller, it is difficult to define an exact model of a system. On
the other hand, an approximate model can be used to obtain a
control signal. Besides, non-model-based SMC controllers give
satisfactory results, as summarized in Table 8.

Table 8. Summary of the controllers’ performance

Under- Over- ISE ITAE
shoot shoot (x103) (x103)
(Hz) (Hz)
PID+D? S
sliding C  -0.0166 0.0014 0.3322 12.5
surface- A
based G
control W -0.0063 0 0.3274 10.4
0
Hyperbolic | S
Tangent- C  -0.2223 0 15.63 324.5
based A
Super- G
twisting W -0.2096 0 16.12 358.6
SMC 0

In Fig. 11, the responses of the PID+D? sliding surface-based
SCM and the Hyperbolic Tangent-based ST SMC algorithm
performance surface are combined to compare clearly. The
model-based SMC (PID+D2) rejected the load disturbance
better than the Hyperbolic Tangent-based ST SMC. This



advantage depends on the model accuracy of the system used
in the controller design. On the other hand, since ST SMC is
model-free, an acceptable performance can be obtained by

appropriately tuned controller parameters. Both controllers
successfully rejected the applied disturbance.

0.05

-0.1—

A f(Hz)

-0.15 —

0.2 —

PID+D? with SCA
PID+D? with GWO —
ST SMC with SCA
ST SMC with GWO
| | I [

025 \ ! \ \

6 7 8 9 10

Time (s)

Figure 11. Combined output responses of the controllers optimized with SCA and GWO

5 Conclusions

In this study, a PID+D? sliding surface-based SMC, which
incorporates the model of the power system, and a model-free
hyperbolic tangent-based ST-SMC algorithm, smoothed with a
hyperbolic tangent function, are evaluated for LFC of a SAPS.
Both controllers have been paid attention to recently. The
optimization of the controllers was performed with SCA and
GWO algorithms using ten different numbers of candidate
solutions and iterations. All of them gave satisfactory output
when a load disturbance was applied.

According to the results, the PID+D2-based SMC generated
more desirable output as compared to the ST-SMC. The
mathematical model of a real power system and the impacts of
disturbances are not straightforward. However, an
approximate model can be used in the design of a model-based
SMC. Both optimization algorithms gave similar results with
different combinations of controller parameters. Therefore,
multiple optimal points exist in the search space.

By the nature of super-twisting SMC, damping oscillations were
observed when a load disturbance was applied. Acquiring the
ST-SMC can be realized more easily, as it does not rely on the
mathematical model parameters of the system. This feature of
the ST-SMC is the key benefit over model-based SMC
algorithms.

Both controllers provided a stable output that satisfied the
regulations of Tiirkiye and the EU.

In the future, a MAPS will be studied for the LFC with new SMCs.
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