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ABSTRACT This paper introduces a novel sliding mode control (SMC) design utilizing a Proportional-
Integral-Derivative (PID) Sliding Surface (SS) for frequency regulation in multi-area electrical power
systems (EPSs) with hydropower turbines, accounting for random load conditions, parameter variations,
and matched uncertainties. The global system stability of this new approach is mathematically analyzed
using Lyapunov theory alongside a novel Linear Matrix Inequality (LMI) technique. A robust strategy is
employed through the reaching law method to ensure that frequency deviations converge to zero, even
under varying load demands. Despite the presence of parameter variations and random load conditions,
the control objectives remain achievable, highlighting the robustness of the proposed method. Moreover,
this strategy results in lower overshoot, quicker response times, and reduced chattering effects compared to
current traditional SMCs including Proportional-Integral (PI), double PI (DPI), and Proportional-Derivative
(PD) sliding surfaces, demonstrating its advantages. Finally, the effectiveness of the suggested scheme is
further verified based on three-area EPSs with matched uncertainties, indicating that the proposed scheme
achieves stable and robust performance, further confirming its superiority through simulation results.

INDEX TERMS Electrical power system, load frequency control, sliding mode control.

I. INTRODUCTION
In multi-area electrical power systems (EPSs), keeping fre-
quency stability is a critical task to ensure the reliable grid’s
operation [1], [2]. The EPS frequency reflects the balance
between load demand and power generations. Any variation
from the nominal frequency can lead to severe operational
problems, including equipment malfunction, reduced power
quality, and even blackouts. Consequently, load frequency
control (LFC) plays a key role in keeping system frequency
within allowable limits by dynamically managing generation
levels to match fluctuations in demand [3], [4], [5]. Especially
for hydropower EPSs, hydropower turbines typically have
a more flexible response to frequency changes due to their
ability to regulate water flow and adjust power output quickly.
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While they possess high inertia, which generally slows their
initial response, their capability to rapidly adjust the water
flow allows for quicker compensation of frequency devia-
tions. In contrast, thermal EPS exhibit slower dynamics due
to the inertia of their steam generation processes, requiring
additional support systems for effective LFC. The inherent
flexibility and ability of hydropower to adjust water flow
make it particularly well-suited for LFC compared to other
turbine-based systems [6].

Traditional control methods, such as proportional-integral-
derivative controllers (PID), have been widely employed
for LFC due to their simplicity and ease of implemen-
tation [7], [8], [9]. However, these methods struggle to
maintain performance in systems characterized by nonlin-
earity, uncertainties, and external disturbances, especially
renewable energy sources (RESs) such as solar and wind
power.
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The introduction of these intermittent sources has
increased the complexity of frequency control due to their
unpredictable nature. Therefore, to overcome the limitations
of traditional PID controllers, integrating modern algorithms
has become a crucial trend in both research and practical
applications. These hybrid approaches help optimize and
improve the PID’s performance [10], [11] and modified
PID schemes [12], [13], [14]. In [11], the author introduced
a groundbreaking 1PD-PI controller optimized by Moun-
taineering Team-based optimization for LFC in islanded
microgrids. The work is applied to various power sources,
consists of diesel engine generators, microturbines, fuel cells,
RESs, and energy storage systems, evaluating the efficiency,
sensitivity, and robustness of the suggested scheme. Although
PID control methods are easy to fine-tune through algorithms
to improve performance, they still struggle to cope with
nonlinearities in the system, which can lead to oscillations
and instability under varying operating conditions.

To address this issue, advanced control schemes such as
fuzzy logic control (FLC) have been designed [15], [16], [17].
In [16], Kumar et al. designed a new hybrid scheme based on
optimization and FLC for LFC of an isolated EPS with non-
reheat turbines. The uncertain parameters of the suggested
scheme were chosen utilizing the Big Bang-Big Crunch
algorithm. A reduced single-area LFC was used to verify
the controller’s performance in terms of error parameters and
transient response. However, its performance depends on the
completeness of the fuzzy rule base, and the inference process
can be computationally expensive, particularly when dealing
with a large number of rules.

Furthermore, deep learning has been employed as a mod-
ern approach to controlling load frequency [18], [19], [20].
A multi-agent deep reinforcement learning approach in the
continuous action domain for LFC of EPSs was developed
in [19]. This approach adaptively and nonlinearly determines
an optimal coordinated control scheme for LFC scheme by
utilizing decentralized implementation and centralized learn-
ing. A three-area EPSs and a fully modeled 39-bus New
England system were used under load demand and renewable
power changes to assess the suggested controller’s robust-
ness. However, this method requires extensive training data,
risks overfitting, and its ‘‘black-box’’ nature makes it difficult
to interpret and adjust.

Another advanced method adopted for LFC is optimal
control [21], [22]. In [21], the authors employed an opti-
mal output feedback controller based on full output state
control for multi-source EPS LFC, including reheat, hydro,
and gas turbines. Generation rate constraints were applied
to ensure applicability. Additionally, a hydro EPS LFC
operational in Iran’s province was employed to depict the
suggested approach’s effectiveness in a practical case. How-
ever, it depends heavily on accurate system models and is
less effective for nonlinear systems, with increasing compu-
tational demands as system complexity grows.

Model predictive control (MPC) is another robust approach
for adjusting load frequency within allowable ranges [23],

[24]. In [23], the authors developed an adaptive MPC scheme
for EPS LFC integrated with wind, photovoltaic, and thermal
power. The proposed approach improves EPS performance
and reduces issues related to oscillations due to system
parameter variations and load demand changes. However,
MPC is computationally intensive and relies on precise
system models, complicating real-time implementation in
dynamic EPSs.

SMC [25], [26], [27], [28], [29], [30], [31], [32], [33] has
gained attention in recent years for its robustness to system
uncertainties and disturbances. The major feature of SMC
scheme is its ability to drive system states to a predefined
sliding surface (SS) and maintain them there, ensuring insen-
sitivity to model variations and external disturbances. The
study in [25] presents a quantized SMC for a Markov Jump
System-based model for remote area weak grids, addressing
and stabilizing system dynamics. A double SMC strategy
combining wind turbine pitch control and an adaptive LFC
for diesel generators in isolated micro-grids with RESs was
proposed in [26]. Study in [27] introduced a non-linear
SMC for three-area EPS LFC, addressing uncertainties and
disturbances. The controller improves performance, reduces
settling time and chattering, and is assessed on the IEEE
39-bus system. In [28], a full-order SMC for LFC, combin-
ing terminal and linear methods to eliminate singularities,
reduce chattering, and improve response time under vari-
ous load disturbances. Study in [29] presented a Terminal
SMC optimized using the Artificial Bee Colony algorithm for
LFC in islanded micro-grids. The method ensures finite-time
stability and improved performance in damping frequency
oscillations under disturbances. Study in [30] presented a
new discrete-time SMC-based full-state feedback control for
LFC in a four-area EPSs including thermal and hydropower
sources. The proposed scheme for robust LFC was devel-
oped using a genetic algorithm, ensuring greater disturbance
rejection and avoiding overshoot. However, designing dis-
crete controllers to match continuous-time system behaviors
can increase computational overhead. In [31], a backstep-
ping SMC scheme for a two-area thermal linked EPSs under
parameter uncertainties and load disturbances was intro-
duced. The suggested controller’s effectiveness was assessed
by comparing it with second-order SMC, observer-based
SMC, and port-Hamiltonian PID controllers. The backstep-
ping SMCmethod allows for more flexible control design but
comes at the cost of increased computational complexity and
potential performance degradation in highly dynamic or noisy
environments.

A novel decentralized LFC scheme based on integral
SMC and PI for multi-area EPSs (MAEPS) under matched
and mismatched uncertainties was developed in [32]. Study
in [33] developed a double-integral single-phase SMC-based
observer for in MAEPS LFC with solar power sources. How-
ever, first-order SMCs present the issue of causing a chatter-
ing effect, which can potentially harm power equipment and
compromise system stability. To overcome this, second-order
SMC-based observers and decentralized higher-order SMCs
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were designed in [34], [35], and [36], respectively. These
methods introduce high design complexity, particularly in
handling time-varying parameters, making them challenging
to apply in industry. Study in [37] presented a novel PD
SMC for controlling system frequency in linked EPSs. The
boundedness and reachability of the proposed approach were
mathematically verified, and its robustness was compared
with other SMC methods. While the controller performed
well, under constant disturbances or load changes, PD SMC
may result in a persistent deviation from the desired setpoint.

In this paper, we propose a novel SMC strategy based
on a PID SS. This control approach is simpler and more
effective than conventional SS structures like PI SMC [32],
double-PI SMC [33], and PD SMC [37]. The simulation
results are compared with existing methods [32], [33], [37] to
demonstrate the controller’s robustness and reliability. Addi-
tionally, in comparison to advanced control techniques such
as FLC, deep learning, optimal control, and MPC [15], [18],
[22], [24], the proposed PID SMC strategy offers significant
advantages in terms of simplicity and computational effi-
ciency. While other methods-based controllers often require
high computational resources and detailed systemmodels, the
PID-SMC combines robustness to system uncertainties with
fast response times, offering a practical and effective solution
for LFC in MAEPSs with hydropower turbines.

The paper’s key contributions are as follows:

- Development of a novel PID-based SS for SMC tai-
lored to hydropower MAEPSs, offering simplicity and
effectiveness compared to conventional SSs like PI
SMC [32], DPI SMC [33], and PD SMC [37].

- Establishment of a Lyapunov-based LMI theory specif-
ically designed for rigorous and efficient stability
and reachability analysis of the proposed PID-SMC
strategy, ensuring robust and reliable performance in
hydropower MAEPSs.

- The suggested scheme is compared with existing SMC
structures, demonstrating its superior performance in
terms of over/under shoot and settling time.

- Simulated results on MAEPSs with hydropower tur-
bines, indicate that the suggested approach is robust
and stable against random load fluctuations, parameter
variations and matched uncertainties.

The paper’s structure is listed as follows: Section II dis-
plays the MAEPS scheme. Section III illustrates the pro-
posed PIDSMC approach and problem formulation structure.
Section IV depicts the simulated result analysis. Finally,
Section V displays the conclusion and recommendation.

II. ANALYSIS DYNAMIC MODEL OF ELECTRICAL POWER
SYSTEM
Fig 1 displays a typical control diagram of ith area ofMAEPSs
with hydropower turbines. The main purpose of LFC in each
area must maintain its tie-line power and frequency between
neighboring area as a constant. Then, each area of EPS

dynamics can be illustrated by different equations as follows:

1ḟi(t) = −
1
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1Ṗvi(t) =
−TRSi

TRHiTGHiRi
1fi(t) +

−1
TRHi

1Pvi(t)

+ (
1

TRHi
−

TRSi
TRHiTGHi

)1Pgi(t)

+
TRSi

TRHiTGHi
1Psi(t) (3)
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TGHi
1Psi(t)

(4)

1Ėi(t) = BiKIi1fi(t) +
KIi
2π

Tij[1δi(t) −1δj(t)] (5)

1δ̇i(t) = 2π1fi(t) (6)

where i = 1, ..,N is areas number in MAEPSs; 1fi(t) is
frequency fluctuations;1Pmi(t) is power output deviations of
hydraulic, 1Pvi(t) is power output fluctuations of governor;
1Pgi(t) is power output fluctuations of governor, 1Ei(t)
is area control error fluctuations, 1δi(t) is the rotor angle
fluctuations, and1Psi(t) is control signal of proposed sliding
mode controller (SMCer); Kpi is EPS operation factor, Tpi is
time constants of EPSs; TGHi, TRSi and TRHi are hydro turbine
speed governor in main servo, reset time, transient, respec-
tively; TWi is nominal starting time of water in penstock; Ri
is governor speed regulation parameters; Bi is frequency bias
factors.

The EPS model is presented in Figure 1 which can be
revised in following state-space equation below

ẋi(t) = Aixi(t) + Biui(t) + Cijxj(t) + Di2i(t) (7)

where

xi(t) =
[
1fi(t) 1Pmi(t) 1Pvi(t) 1Phi(t) 1Ei(t) 1δi(t)

]T
From these equations, we can design the matrices
Ai,Bi,Cij,Di for MAEPSsas follows: as shown in the
equation at the bottom of the next page.

In a real-worldMAEPSs, obtaining exact measurements of
parameter values is not feasible. Therefore, almost parame-
ters are either estimated or approximate. Moreover, consider-
ing the time delay factor, the dynamic model in equation (18)
is further modified as:

ẋi(t) = Āixi(t) + B̄iui(t) + C̄ijxj(t) + D̄i2i(t)
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FIGURE 1. The i th area of linked EPS dynamic with proposed controller.

= Aixi(t) + Biui(t) + Cijxj(t) +�i(t) (8)

where Āi = Ai + 1Ai, B̄i = Bi + 1Bi, C̄i = Ci + 1Ci,
D̄i = Di+1Di and the unknownmatrices1Ai,1Bi,1Ci and
1Di are system fluctuations, the matrices Ai, Bi,Ci andDi are
the standard values; wi(t) is considered the total disturbances
which can be predicted and can rewritten it below:

�i(t) = 1Aixi(t) +1Biui(t) +1Cijxj(t) + D̄iψi(t)

III. NOVEL SLIDING MODE DESIGN
SMC has been established as a robust control method, par-
ticularly effective for systems with incomplete modeling and

nonlinear dynamics [38], [39]. In [38], SMC is applied to
uncertain nonlinear systems, demonstrating its ability to han-
dle systems with incomplete models by compensating for
structural uncertainties and external disturbances. Similarly,
in [39], SMC is integrated into a robust fuzzy design for
nonlinear uncertain stochastic systems. However, traditional
SMC approaches face a critical challenge in the form of
high-frequency oscillations, commonly referred to as the
chattering problem, caused by rapid switching control near
the sliding surface. To address this issue, this article intro-
duces a novel SMC design that incorporates a PID-based
SS for MAEPSs. The proposed SMC enhances the transient
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performance of the closed-loop system while effectively mit-
igating oscillations and minimizing chattering.

Previous studies have explored various SMC designs to
address control challenges in MAEPSs. In [37], the pro-
posed PD-SMC method demonstrated quick response to
transient disturbances due to its PD-SMC structure. How-
ever, it exhibited limitations in eliminating steady-state error,
resulting in residual inaccuracies that affect long-term sta-
bility. [32] introduced PI-SMC, which improved steady-state
error reduction by adding integral action, but this came at the
expense of slower response times, making the controller less
effective under rapidly changing conditions. Building upon
these approaches, [33] proposed a double PI- SMCer, which
further minimized steady-state error and enhanced robustness
against sustained disturbances by incorporating dual integral
terms. Nonetheless, this method required complex tuning
and tended to exhibit slower response times and potential
overshoot, particularly in dynamic environments. To address
these limitations, this paper proposes a PID-SMCer that
integrates proportional-integral-derivative terms, leveraging
the advantages of each previous method. The addition of
the derivative term enhances transient response, while the
integral components maintain steady-state accuracy, provid-
ing a well-rounded, robust solution suitable for systems
with parameter uncertainties and variable disturbances. This
combined approach achieves superior balance in control per-
formance, minimizing both transient and steady-state errors
while maintaining high adaptability across diverse operating
conditions.

A. NOVEL PID SS DESIGN
It is difficult to calculate exactly for any system model
because almost realistic systems are non-linear. There is a
certain difference in real and modelled systems during the
operating process because of plant variations. SMC tech-
nique is known as a robust control method. By applying a
designed control law, the system trajectory will be driven to a
designed SS with any initial condition and keep it thereafter.
Then, we introduce the new PID-SS for the MAEPSs

σi[xi(t)] = Sixi(t) + Si

t∫
0

xi(τ )dτ + Siẋi(t) (9)

where Si are the sliding matrices and Si is designed to secure
that matrix SiBi is invertible and matrix.

Differentiate σi[xi(t)] in Eq. (9) following time and com-
bined with Eq. (8), we have

σ̇i[xi(t)] = SiAixi(t) + SiBiui(t) + SiCijxj(t) + SiNi(xi, t)

+ Sixi(t) + Siẍi(t) (10)

Establishing σ̇i[xi(t)] = σi[xi(t)] = 0, then controller is
designed as

ui(t) = −(SiBi)−1
{(Ai + I )Sixi(t) + SiCijxj(t) + Siẍi(t)

+ δi sgn{σi[xi(t)]}} (11)

Then substituting ui(t) in Eq. (11) into the MAEPSs in Eq.
(8), we achieve

ẍi(t) = −ẋi(t) − [I − Bi(SiBi)−1Si]Cijxj(t) − Sixi(t)

− [I − Bi(SiBi)−1Si]Ni(xi, t) (12)

First supporting, by assuming that

x̂i(t) = ẋi(t) (13)

where x̂i(t) is the first newly transferred system variable.
Then, Eq. (12) become

˙̂x i(t) = −x̂i(t) − [I − Bi(SiBi)−1Si]Cij

∫ t

0
x̂j(τ )dτ

− Si

∫ t

0
x̂i(τ )dτ − [I − Bi(SiBi)−1Si]Ni(xi, t)

(14)

Second supporting, by assuming that

mi(t) =

t∫
0

x̂i(τ )dτ ; ni(t) = ẑi(t) (15)

and

ṁi(t) = x̂i(t) = ni(t) (16)

wheremi(t) and ni(t) are the second newly transferred system
variables.

Substituting Eqs. (15) and (16) into Eq. (14), then it can be
rewritten below

ṅi(t) = −ni(t) − [I − Bi(SiBi)−1Si]Cijmj(t)

− Simi(t) − (Si)−1[I − Bi(SiBi)−1Si]Ni(xi, t) (17)

The sliding equation can be revised below

ḋi(t) = Āidi(t) + C̄idj(t) + D̄iNi(xi, t) (18)

where

di(t) =

[
ni(t)
mi(t)

]
; Āi =

[
−I Si
0 I

]
;

C̄i =

[
0 [I − Bi(SiBi)−1Si]Cij
0 0

]
;

D̄i =

[
[I − Bi(SiBi)−1Si]

0

]
B. THEORETICAL PROVE OF GLOBAL SYSTEM ON NEW
SLIDING SURFACE
It is important to demonstrate the global stabilization of the
MAEPSs. In this work, theoretical analysis of differential
systems is conducted using Lyapunov theory. Additionally,
several lemmas are also employed and LMI theorem adopted
to support the mentioned stabilization proves.
Lemma 1 [35]: Let P and Q are realistic matrices with

suitable dimension then, for any scalar τ > 0, the following
matrix inequality achieve

PTQ+ QTP ⩽ τPTP+ τ−1QTQ.
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Lemma 2 [35]:Matrix:[
P(x̄) R(x̄)
RT (x̄) Q(x̄)

]
> 0

where P(x̄) = PT (x̄), Q(x̄) = QT (x̄) and R(x̄) which depends
on x̄. Therefore, Q(x̄) > 0 and P(x̄)−R(x̄)Q−1(x̄)RT (x̄) > 0.
Theorem 1: The sliding motion described in (12) is con-

sidered asymptotically stable if there exists a symmetric
positive definite matrix Hi, along with positive scalars µj1,
µi1, and µi2 (i = 1, 2, . . .,N ). Then following LMI as

ĀTi Hi + HiĀi C̄T
i Hi D̄Ti Hi

C̄i µj1 0 0
Hi 0 µ−1

i1 0
HiD̄i 0 0 µi2

 < 0 (19)

Proof 2: To demonstrate the sliding motion’s stabil-
ity (12), we set the Lyapunov form as

V1(t) =

N∑
i=1

[
dTi (t)Hidi(t)

]
(20)

where Hi > 0 satisfied Eq. (19).
Then, taking the derivative of V1(t):

V̇1(t) =

N∑
i=1

[
ḋTi (t)Hidi(t) + dTi (t)Hiḋi(t)

]
(21)

and using Eq. (18), we achieve:

V̇1(t)

=

N∑
i=1


ĀTi d

T
i (t)Hidi(t) + dTi (t)HiĀidi(t)

+C̄T
i d

T
j (t)Hidi(t) + dTi (t)HiC̄idj(t)

+D̄Ti N
T
i (xi, t)Hidi(t) + dTi (t)HiD̄iNi(xi, t)


(22)

Employing Lemma 1 to equation (22), yields

V̇1(t)

<

N∑
i=1


dTi (t)[Ā

T
i Hi + HiĀi]di(t)

+µi1dTi (t)C̄
T
i C̄idj(t) + µ−1

i1 d
T
i (t)HiHidi(t)

+µi2dTi (t)D̄
T
i HiHiD̄idi(t) + µ−1

i2 N
T
i (xi, t)Ni(xi, t)


(23)

Since
N∑
i=1

N∑
j=1
i̸=j

µi1dTj (t)C̄
T
i C̄idj(t) =

N∑
j=1

N∑
i=1
j̸=i

µj1dTi (t)C̄
T
i C̄idi(t)

Then, applying Assumption 1, Eq. (23) can be defined as:

V̇1(t) <
N∑
i=1

{
dTi (t)[Ā

T
i Hi + HiĀi + µj1C̄T

i C̄i + µ−1
i1 HiHi

+µi2D̄Ti HiHiD̄i]di(t) + µ−1
i2 ε

T
i εi

}
(24)

In addition, by using Lemma 2, LMI (24) is equivalent to
this inequality

−8i = ĀTi Hi + HiĀi + µj1C̄T
i C̄i + µ−1

i1 HiHi

+ µi2D̄Ti HiHiD̄i < 0 (25)

From equations (29) and (30), we achieve

V̇1(t) ⩽ {−λmin[(−8i)∥di(t)∥2] + δi} (26)

where the value δi = µ−1
i2 ε

T
i εi and the eigenvalues of

λmin(−8i) > 0. Therefore, V̇1(t) < 0 is achieved with
∥di(t)∥ >

√
δi

λmin(8i)
. Thus, the MAEPSs’ sliding motion (8)

is asymptotically stable.
Additionally, we demonstrate theoretically the system

states’ reachability to the PID-SS. We assumed that di(t) >
0 little above the equilibrium part at the surface, then the
Lyapunov form is set below

V2(t) =
1
2
σi[xi(t)] (27)

We take the derivative of Eq. (27) based on time, we have

V̇2(t) = σi[xi(t)]T σ̇i[xi(t)] (28)

Substituting Eq. (10) into Eq. (28) then it becomes

V̇2(t) = σi[xi(t)]T {SiAixi(t) + SiBiui(t) + SiCijzj(t)

+ SiNi(xi, t) + Sixi(t) + Siẍi(t)} (29)

Using the controller in Eq. (11), then

V̇2(t) = −δi ∥σi[xi(t)]∥ (30)

Thus, Eq. (30) shows that V̇2(t) < 0 which demonstrates the
system states’ reachability to the PID-SS.

IV. SIMULATED RESULTS
In this section, the simulated results are performed and
compared with other previous methods in [32], [33], and
[37]. Accordingly, three different scenarios are conducted
based on isolate EPSs and three-area linked EPSs with
hydropower turbines. Then, nominal parameters forMAEPSs
with hydropower turbines are assumed to be the same value
with studies [40], [41], presented as follows:

The EPS model: Kpi = 120; Tpi = 20; Bi = 0.425; Tij =

0.0342puMW/rad ; Ri = 2.4;
The hydropower turbines: TWi = 0.3s; TRSi = 5s; TRHi =

28.75s; TGHi = 0.3s.
where i = 1, 2, 3, . . . ,N represents the area numbers of

MAEPSs.

A. ISOLATED EPS WITH HYDROPOWER TURBINE UNDER
STEP LOAD DEMAND
In this case, three SMC structures are simulated at the same
condition and configuration in comparison with proposed
PID SMC including PI [32], double PI (DPI) [33] and PD [37]
SS presented below

PI-SMC: σi[xi(t)] = Sixi(t) + Si
t∫
0
xi(τ )dτ

DPI-SMC: σi[xi(t)] = Sixi(t) + Si
t∫
0
xi(τ )dτ +

Si
t∫
0

t∫
0
xi(τ )dτ
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TABLE 1. Frequency deviation by four control approach.

PD-SMC: σi[xi(t)] = Sixi(t) + Siẋi(t)
The parameters of matrix Si can be gained as

[ − 0.52 − 0.34 − 0.42 42.7 − 27.92 1.72 ] × 103

according to the Eq. (9). For power factor in control signal
in Eq. (11), the desired value is chosen as δi = 0.15. These
parameters are chosen to have consistent values across all
methods to facilitate comparison.

The external step load change is set 0.015 p.u at t =

1 s. The simulation results in Figs 2 and 3 illustrate that all
tested control methods, including proposed scheme, PD, PI,
and double PI SMCs, successfully meet the control objec-
tives under identical conditions and configurations. Table 1
provides a detailed comparison of frequency error including
defining time and undershoot, for each controller under these
conditions.

FIGURE 2. EPS frequency errors by four methods under case A.

The data in Table 1 make it evident that the suggested
PID-SMC outperforms the other control methods, show-
casing both faster response times and superior frequency
stabilization. Notably, the frequency error converges to
zero more efficiently with the PID-SMCer, achieving a
quicker steady-state with minimal undershoot. This enhanced
response highlights the advantages of integrating PID struc-
ture within an SMC method, which effectively combines
rapid transient response with robust steady-state accuracy.
Remark: In this case, the 1.5% step load change results

in a 0.03 p.u. frequency deviations, which is significant
enough to potentially trigger an under-frequency relay in
many EPSs. This highlights a limitation of the LFC approach,
as such frequency deviations may activate protective actions
like under-frequency load shedding or the disconnection of
critical loads.While the proposed LFCmethod is effective for
smaller perturbations, it may require further enhancement to
handle larger disturbances or prevent the activation of protec-

FIGURE 3. Control signals by four methods under case A.

TABLE 2. The parameter variations in two-area linked EPSs.

tive relays in practical systems. Future work could investigate
supplementary control strategies to address these challenges.

FIGURE 4. Block diagram of two-area linked EPSs.

B. TWO-AREA LINKED EPS WITH HYDROPOWER
TURBINES UNDER PARAMETER UNCERTAINTIES AND
RANDOM LOAD DEMANDS
In this section, two-area linked EPS model with hydropower
turbines is considered as Fig 4. Then, the proposed scheme is
verified in the model under conditions of parameter uncer-
tainties and random load demands displayed in Fig 5 is
employed to further test the suggested approach.

To thoroughly evaluate the effectiveness of the sug-
gested approach, three scenarios with parameter uncertainties
(Tpi;TGHi;Ri), as detailed in Table 2, are introduced to
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validate its reliability and robustness. These cases involve
non-linear variations in parameters associated with the
MAEPSs. We can evaluate how well the control method
adapts to non-linear behaviors by applying these uncertain-
ties. The performance results will demonstrate whether the
suggested control approach maintains stable frequency regu-
lation and quick response under varying conditions, thereby
highlighting its suitability for practical applications where
parameter fluctuations are common.

FIGURE 5. Variable load conditions.

FIGURE 6. EPS frequency errors of the 1st region under case B.

The frequency error depicted in Figs. 6 and 7 illustrates that
the suggested controller decreases effectively fluctuations,
swiftly returning the frequency to its desired value despite
uncertainties in parameters and random load variations. The
minimal steady-state error and rapid convergence to zero fur-
ther highlight the controller’s stability and robust frequency
regulation.

In Figs. 8, the tie-line power error demonstrates the sug-
gested controller’s capability to maintain a balance in power
exchange between the two areas. Lastly, the control signals
generated by the proposed controller are presented in Figs. 9
and 10.

C. THREE-AREA LINKED EPSS WITH HYDROPOWER
TURBINES UNDER MATCHING UNCERTAINTIES
To further verify the suggested PID SMC scheme’s robust-
ness, the same matched system uncertainties are set with [33]
for three-area linked EPSs with hydropower turbines as dis-
played in Fig 11 with the element of each area being the
same as the previous second case. Then, these uncertainties

FIGURE 7. EPS frequency errors of the 2nd region under case B.

FIGURE 8. EPS tie-line power errors under case B.

FIGURE 9. Control signals of 1st region under case B.

FIGURE 10. Control signals of 2nd region under case B.

are expressed using cosine functions centered around the
standard values, as shown below: as shown in the equation
at the bottom of page 11.

The step load demands in this case are set respectively as
0.01p.u, 0.015p.u, and 0.02p.u at t = 1s in area 1, 2 and
3. The simulated results indicate that the robust and resilient
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FIGURE 11. Three-area linked EPSs with hydropower turbines.

FIGURE 12. EPS frequency errors in 1st region.

FIGURE 13. EPS frequency errors in 2nd region.

FIGURE 14. EPS frequency errors in 3rd region.

PID SMCer under the influence of matched uncertainties
demonstrates that this method effectively handles within
the system. These uncertainties, modeled as cosine func-
tions around the standard values of the three-area EPSs with
hydropower turbines, serve as a realistic test of the con-
troller’s adaptability and robustness.

FIGURE 15. EPS tie-line power errors in 1st region.

FIGURE 16. EPS tie-line power errors in 2nd region.

FIGURE 17. EPS tie-line power errors in 3rd region.

FIGURE 18. Random load demands.

The results displayed from Figs 12 to 17, including tie-line
power and frequency errors, indicate that the PID SMCer can
quickly and accurately adjust frequency and power variables.
This rapid stabilization of the system following disturbances
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FIGURE 19. System signals of isolated EPS with the proposed controller.

highlights the controller’s resilience and stable performance
not only under normal conditions but also in the presence of
known uncertainties.

Notably, the PID SMC design shows a strong capacity to
minimize frequency and power errors even in scenarios with
matched uncertainties. The cosine function-based uncertainty
representation reflects realistic conditions, validating the con-
troller’s robustness and stability. As a result, the PID SMCer
can ensure EPS stability while delivering high performance
under realistic operational conditions with continuously fluc-
tuating loads.

Finally, the analysis confirms that the PID SMC is a
highly effective solution for frequency and power control in
MAEPSs with hydropower turbines, particularly in systems
prone to matched uncertainties.

D. ISOLATED THERMAL EPS WITH NON-REHEAT TURBINE
UNDER RANDOM LOAD DEMANDS
In the final case, an isolated thermal EPS with non-reheat
turbine [42] subjected to random load demands is considered.
The focus is to examine the suggested strategy’s performance.
The random load demands displayed in Fig 18 and sys-
tem parameters are set the same value of study in [42] for
comparison. This comparison aims to highlight the relative
strengths of the proposed controller, particularly its simplicity
and robustness while assessing its effectiveness in terms of
settling time, overshoot, and stability under stochastic distur-
bances.

The random load demands displayed in Fig 18 and sys-
tem parameters are set the same value of study in [42] for
comparison. This comparison aims to highlight the relative
strengths of the proposed controller, particularly its simplicity
and robustness while assessing its effectiveness in terms of
settling time, overshoot, and stability under stochastic distur-
bances.

Fig 19 depicts the main findings including frequency errors
and ACE signal of isolated EPS with the suggested controller.
The simulated results from this case are also employed to
compare the proposed method against the Deep Reinforce-
ment Learning (DRL) approach in [40] as Table 3. This
comparison aims to highlight the relative strengths of the
proposed controller, particularly its simplicity and robustness

TABLE 3. Frequency errors of isolated EPSs.

while assessing its effectiveness in terms of settling time,
overshoot, and stability under random disturbances.

E. DISCUSSION
The proposed PID SMC scheme has proved significant
robustness and broad applicability through detailed testing
on isolated, two-area, and three-area EPSs under various
conditions. These tests included step and random load dis-
turbances, parameter variations, and matched uncertainties,
common challenges encountered in real-world EPS oper-
ations. The results indicate that the PID SMCer not only
maintains a fast response time but also effectively minimizes
steady-state errors, even when the system faces significant
fluctuations and non-linearities.

Notably, the controller exhibits flexible adaptability to
changes in operating conditions and maintains EPS stability
despite parameter uncertainties. The exceptional resilience of
the PID SMC ensures that the system remains efficient under
unexpected disturbances, preserving frequency stability and
regulating tie-line power flow between areas.

These strengths make PID SMC an ideal choice for com-
plex and modern EPSs, where high stability, precision, and
rapid response to unforeseen situations are crucial. With its
ability to meet diverse requirements and sustain stable per-
formance in continuously changing environments, the PID
SMCer demonstrates a high potential for practical application
in EPSs with significant complexity and uncertainty.

V. CONCLUSION
This paper introduces a novel SMC strategy using a PID SS to
enhance frequency regulation in MAEPSs with hydropower
turbines. Designed to address challenges posed by random
load fluctuations, parameter variations, and matched uncer-
tainties, the proposed PID SS-based SMC approach offers
a resilient and efficient solution for load frequency con-
trol. The theoretical analysis, verified by Lyapunov stability
and novel LMI techniques, confirms that the PID-SS-based
SMC ensures global system stability, while the reaching
law method enables frequency deviations to converge to
zero under variable load demands. The simulation results,
conducted on three types of EPS models including iso-
lated, two-area, and three-area, demonstrate that the proposed
approach achieves quicker settling times, reduced overshoot,
and minimal chattering effects in comparison to conventional
SMC, including PI, double PI, and PD SS methods. This
reinforces the robustness and reliability of the PID SS-based
SMC design in maintaining system stability even under chal-
lenging operating conditions. Future research could further
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explore the integration of RESs and consider the use of
multiple energy sources to compare the effectiveness and
create a more comprehensive system model. Additionally,

testing the controller’s effectiveness under more complex
disturbance scenarios would help enhance its industrial
applicability.

1Ai =


0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0

−2.26 cos(t) 2 cos(t) 0 −2.604 cos(t) 3 cos(t) 0
0 0 0 0 0 0
0 0 0 0 0 0



Ai =


−0.040 4.800 0 0 0 −0.026
0.859 −6.667 6.736 1.476 0 0

−0.171 0 −0.035 −4.410 0 0
−2.469 0 0 −4.444 0 0
0.425 0 0 0 0 0.005
6.283 0 0 0 0 0


Bi = [0 − 1.546 0.773 4.444 0 0]T ;

Cij =


0 0 0 0 0 − 0.026
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0.0054
0 0 0 0 0 0

 ;

H1
i =



−2 × 10−10 2 × 10−13 9 × 10−14
−2 × 10−13

−8 × 10−13
−5 × 10−13

2 × 10−13
−7 × 10−2

−4 × 10−2
−2 × 10−2

−1 × 10−4 9 × 10−6

9 × 10−14
−4 × 10−3

−7 × 10−2 1 × 10−2
−4 × 10−5 3 × 10−6

−2 × 10−13
−2 × 10−2 1 × 10−2

−1 × 10−2 2 × 10−4
−1 × 10−5

−8 × 10−13
−1 × 10−4

−5 × 10−5 2 × 10−4
−8 × 10−2 3 × 10−4

−5 × 10−13 9 × 10−6 3 × 10−6
−1 × 10−5 3 × 10−4

−8 × 10−2

5 × 10−8 2 × 10−12 1 × 10−12
−3 × 10−12 1 × 10−10

−7 × 10−13



H2
i =



5 × 10−8 3 × 10−8 4 × 10−8
−4 × 10−9 3 × 10−6

−2 × 10−7

2 × 10−12 1 × 10−12 2 × 10−12
−2 × 10−13 1 × 10−10 5 × 10−7

1 × 10−12 7 × 1013 9 × 10−13
−9 × 1014 6 × 10−11 2 × 10−7

−3 × 10−12
−2 × 10−12

−2 × 10−12 3 × 10−13
−2 × 10−10

−9 × 10−7

1 × 10−10 8 × 10−11 1 × 10−10
−1 × 10−11 7 × 10−9

−2 × 10−6

−7 × 10−12
−4 × 10−12

−5 × 10−12 6 × 10−13
−4 × 10−10

−1 × 10−6



H3
i =



5 × 10−8 2 × 10−12 1 × 10−12
−3 × 10−12 1 × 10−10

−7 × 10−12

3 × 10−8 1 × 10−12 7 × 10−13
−2 × 10−12 8 × 10−11

−4 × 10−12

4 × 10−8 2 × 10−12 9 × 10−13
−2 × 10−12 1 × 10−10

−5 × 10−12

−4 × 10−9
−2 × 10−13

−9 × 1014 3 × 10−13
−1 × 10−11 6 × 10−13

3 × 10−6 1 × 10−10 6 × 10−11
−2 × 10−10 7 × 10−9

−4 × 10−10

−2 × 10−7 6 × 10−7 2 × 10−7
−9 × 10−7

−2 × 10−6
−1 × 10−6



H4
i =



−8 × 10−2
−2 × 10−5

−2 × 10−5 2 × 10−6
−1 × 10−3 9 × 10−5

−2 × 10−5
−8 × 10−2

−1 × 10−5 1 × 10−6
−1 × 10−3 6 × 10−5

−2 × 10−5
−2 × 10−5

−8 × 10−2 2 × 10−6
−1 × 10−3 7 × 10−5

2 × 10−6 1 × 10−6 2 × 10−6
−8 × 10−2

−1 × 10−4
−8 × 10−6

−5 × 10−4
−1 × 10−3

−1 × 10−3
−1 × 10−4

−0.1674 5 × 10−3

9 × 10−5 6 × 10−5 7 × 10−5
−8 × 10−8

−5 × 10−3
−8 × 10−2


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APPENDIX
The system’s matrices in Eq. (7) are dertermined as: as shown
in the equation at the bottom of the previous page, and

Di =
[
−4.8 0 0 0 0 0

]T
The system’s transfer matrices in Eq. (18) are dertermined as
follows:

Āi =

[
I1×6 Ātri
011×6 I11×6

]
; C̄i =

[
01×6 C̄ tr

i
011×6 011×6

]
; and

D̄i =

[
D̄tri
011×6

]
where:

Ātri =
[
−5.22 −3.38 −4.16 0.42 −279.2 −17.17

]
×102

C̄ tr
i =

[
0 0 0 0 0 0.0378

]
;

and

D̄tri =
[
0.14 0.09 0.11 0.01 7.62 −0.47

]
By solving LMI presented in Eq. (19), the following results
are obtained:

Hi =

[
H1
i H2

i
H3
i H4

i

]
> 0

is a positive definite matrix where, as shown in the equation
at the bottom of the previous page.

Thus, the LMI presented in Eq. (19) is feasible.
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