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Revised: 4 March 2026 imbalance between electricity generation and demand. This circumstance in power
Accepted: 13 March 2026 systems results in frequency control challenges, referred to as frequency deviation. This
Available online: 31 March 2026 paper proposes the implementation of a robust nonlinear Hybrid Optimized Sliding Mode

Controller (HOSMC) and compares it with the Optimized fractional proportional-Integral-
Derivative (OFPID) and Optimized Sliding Mode Controller (OSMC) for a three-area
Iraqi interconnected power system to enhance the frequency response. Moreover, the
parameters of the developed controllers are optimized using the Ant-Colony Optimization
(ACO) technique. The proposed controllers regulate the tie-line power and frequency
deviation in the analyzed three-area power system. The system will be analyzed under
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Optimization varying load perturbations according to the following cases: case 1: 15% uniform ramp
load disturbance is applied in area 3 only at t =8 s. Case 2 involved a step load disturbance
introduced throughout three areas at different times att=15s, 10 s, and 15 s, respectively.
Case 3 examines white noise random with step load disturbances exclusively in area 1
only. In Case 4, the parameter uncertainties are + 10% in synchronizing coefficients and +
45% in the governor time constant of the gas unit. Simulation results show an improvement
for settling time, peak value, and zero error steady state.

1. INTRODUCTION used approaches is the proportional-integral (PI) controller
with fixed parameters. These controllers are widely used in
The role of electrical power distribution companies is to many power systems due to their simplicity and ease of
deliver efficient, reliable, and uninterrupted power to the implementation [6-8]. However, this approach is not without
consumer at an acceptable quality [1, 2]. Power systems are drawbacks. PI control systems exhibit significant frequency
composed of interconnected subsystems or control areas overshoots during transient conditions and suffer from long
(CAs). It is assumed that each CA consists of a coherent group stability periods [9]. Because of these limitations, there is a
of generators that are interconnected by the tie-lines. When the growing need for more advanced control methods. A modern
frequency incidence occurred at a specific area, the frequency controller must be able to efficiently reject disturbances,
deviates starting from that area and then propagates to other maintain consistent performance over a wide operating range,
areas [3]. In modern power systems, the load frequency control minimize transient response times without overshoots, and be
(LFC) loop plays a pivotal role. It performs two essential flexible and able to withstand system uncertainty. Recognizing
functions: first, maintaining a constant balance between the shortcomings of conventional controllers, recent research
electrical generation and changes in load demand, and second, has focused on developing new control techniques that
regulating power exchange between interconnected control overcome these challenges.
zones, maintaining it at scheduled values. These two functions Below is a brief overview of the most prominent proposed
are essential for maintaining the stability and reliability of the approaches as presented in the recent literature. A study [10]
electrical grid. In addition, the LFC loop is responsible for addressed the load frequency management issue in multi-area
reducing fluctuations resulting from sudden disturbances and interconnected power systems that incorporate photovoltaic
correcting power surpluses or shortages over a period of time and energy storage systems. Initially, a model for the solar and
that depends on the system capacity and the magnitude of the energy storage system is developed based on the conventional
disturbance [4, 5]. Given the importance of the LFC loop, LFC framework. Subsequently, upon ascertaining the upper
numerous control strategies have been developed to ensure its and lower limits of disturbances, a rapid terminal sliding mode
efficient performance. One of the most common and widely controller is devised, which effectively mitigates the impact of
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disturbances. The study [11] examined LFC in a multi-area
interconnected micro-grid power system, proposing a robust
sliding mode control strategy utilizing an adaptive event-
triggered mechanism to address frequency deviations resulting
from power imbalances or time delays. A three-area power
system integrated with renewable energy sources and energy
storage is examined, and the relevant LFC model is
constructed. Another recent study [12] proposed a
decentralized LFC method for the frequency regulation of
multi-area power systems utilizing an optimized integral
sliding mode control (OISMC) scheme. A modified particle
swarm optimization (MPSO) approach is employed to
optimize the control variables of the proposed control
variables of the proposed controller to enhance frequency
response performance. The research [13] provides a robust
controller capable of addressing oscillations in frequency
regulation while maintaining simplicity. This research is
presents decentralized observer sliding mode controller with
H-infinity as optimization algorithm for three areas
interconnected power system. The proposed controller must
fulfill two objectives: robust stability and robust performance.
The study [14] seeks to optimize the parameters of the LFC
controller for a two-area power system comprising a reheat
thermal generator and a photovoltaic (PV) power plant. An
advanced multi-stage TDn (1+PI) controller is proposed to
mitigate oscillations in frequency and fluctuations in tie-line
power. This controller integrates a tilt-derivative with an N
filter (TDn) and a PI controller, enhancing the system's
response by improving both steady-state defects and the rate
of change. Another study [15] proposed a fractional-order
sliding mode controller for interconnected power systems with
variable time delays, and performed a stability analysis using
the direct Lyapunov method. Initially, a fractional Integral
Sliding Mode Controller (ISMC) approach was used to
enhance system stability by leveraging the flexibility of
fractional systems, which contributes to widening the
acceptable delay margin.

A modern study [16] presents an innovative method that
integrates a continuous decentralized higher-order sliding
mode controller with the honey badger algorithm (HBA),
specifically tailored for LFC in multi-area power systems
(MAPSs). The HBA-dHoSMO is presented to mitigate
chattering and oscillations, while optimal parameters for SMC
design are calculated via HBA. A modern study [17] proposes
a Sliding Mode Control (SMC) technique based on a
proportional integral derivative (PID) sliding surface for
managing the load frequency of a standalone micro-grid power
system. The main goal is to fix the frequency deviation caused
by load disturbances and random power fluctuations from
wind turbine generators (WTGs). The paper [18] presented a
new approach to generalized sliding control based on
fractional rank theory, where a fractional term is incorporated
into the sliding surface to enhance the robustness of the load-
frequency control system. This fractional term provides an
additional degree of freedom and a wider range of tunable
parameters, improving control performance. Furthermore,
Markov theory is employed in the modeling process to more
accurately describe parameter uncertainty and external
disturbances. A modern work [19] introduces an innovative
sliding mode control technique for regulating load frequency
in an interconnected power system, employing a proportional-
derivative sliding mode surface. The stability of the suggested
system is confirmed analytically and by comparisons with
classic sliding mode control and PID control schemes,
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demonstrating the superiority of the new approach. The
authors [20] incorporate the battery energy storage model into
the conventional LFC framework and offer an LFC scheme
utilizing adaptive global sliding mode control to stabilize
power system frequency in the presence of unanticipated load
frequency deviations. An adaptive sliding mode control law is
developed to dynamically modify the frequency fluctuations
induced by random load disturbances. The comparing results
with previous studies have been listed in Section 6.5.

The main contributions of this study are to develop a three-
area model of the Iraqi power system using authentic national
data, capturing the northern, central, and southern regions with
a diverse mix of practical generation units including
hydroelectric, gas, diesel, and thermal plants. An enhanced
optimized proportional-ISMC, integrated with Ant-Colony
Optimization (ACO), is designed for frequency stability
analysis. The study not only strengthens Iraq’s power system
but also provides a scalable framework relevant to
international research on multi-area power system stability and
intelligent control. This study aims to develop a Hybrid
Sliding Mode Controller (HSMC) with a PI-based reaching
law for multi-area LFC. Thus, an integral action is introduced
in the reaching law rather than the sliding surface as usual in
the ISMC approaches, improving convergence behaviour and
steady-state performance. The HSMC has been improved by
considering an extra switching function in addition to the
traditional switching function. This adjustment seeks to
diminish chattering and minimize steady-state error. The
combination of these two switching functions presents a new
control framework which is hereafter termed the Hybrid
Optimized Sliding Mode Controller (HOSMC). This study
incorporates generation source models with a dead-band
constraint to control governor speed. The speed governor may
not immediately react to alterations in the input signal until it
reaches a specified threshold. This practical limitation has not
been adequately addressed in many previous power system
analyses. This work investigates nonlinear dynamics by
including a saturation limiter into the governor-turbine system
model for each generation source. The specified upper and
lower thresholds denote the maximum and minimum power
output of each generation unit.

Although the significant advances in LFC methodologies,
ensuring stable frequency regulation in interconnected power
systems remains challenging due to system nonlinearities,
parameter uncertainties, renewable energy variability, and
stochastic disturbances. Traditional sliding mode and
conventional controllers offer resilience; however, they may
experience steady-state errors, chattering, or constrained
transient performance under significant disturbances and
model uncertainties. Consequently, there is a necessity for
enhanced control algorithms that can increase disturbance
rejection, transient response, and robustness in multi-area
power systems. This study introduces a HSMC including a PI-
based reaching rule, with parameters optimally calibrated by
the ACO technique. The efficacy of the suggested
methodology is confirmed on a realistic three-area linked
electricity system in Iraq, subjected to diverse disturbance and
uncertainty situations.

2. OBJECT AND SUBJECT OF THE STUDY

This paper precisely derives three regions of the Iraqi power
system based on physical data supplied by the Ministry of



Electricity in Iraq. The regions of northern, central, and
southern Iraq encompass different sources of power
generation, including hydroelectric, gas, diesel, and thermal
units. An enhanced optimized HOSMC is developed and
incorporated into the model for frequency analysis. ACO has
been created to enhance the controller's performance. The
terms of areas have been summarized in Table 1.

Table 1. Terms used in system dynamics

Symbol Description Unit
X; Area (i) state vector -
u; Area (i) control input p.u. Mw
d; Area (i) load disturbance p.u.
A; Area (i) state matrix -
Ajj Area (i) and (j) coupling matrix -
B; Input matrix -
F; Disturbance matrix -
. p-u.
B Frequency bias factor MW/H
R Governor droop Hz/p.u. Mw
K;; Tie-line coefficient p.uMW/Hz
ACE; Area Control Error for area i MW
Af; Area (i) frequency deviation Hz
Co Operating capacity MW
CNorth Total capacity of north MW
Ccentral Total capacity of central MW
Csouth Total capacity of south MW
H; Area inertia -
Heq Inertia of equivalent system -
Ty Time constant of hydraulic governor Seconds
T, Speed governor reset time constant Seconds
T, Speed governor transient droop time Seconds
Tw Water time constant Seconds
Togas Speed governor tifn.e constants valve Seconds
position
TTgas Turbine time (cii)sncsliz;l; :f compressor Seconds
Todiesel Diesel governor time constant Seconds
Trdiesel Diesel turbine time constant Seconds
TGthermal Thermal governor time constant Seconds
Trthermal Thermal turbine time constant Seconds
Kpi System model gain for area (i) p-u
Ty System model time constant for area Seconds

(i)

3. IRAQI POWER SYSTEM MODEL

The Iraqi mathematical model of a power system presented
in this research comprises three interconnected CAs, each
equipped with its own load frequency controller. The
linearized mathematical model for each of the three CAs can
be articulated using the following Eq. (1):

xl(t) = Aixi + ZAUXJ + Biui + Fidi + EiAPi

JEL

(1)

where, x; is the area (i) state vector, ¥; is a state vector of the
neighbor's area, u; is the control input of area (i), d; is the
disturbance load, Ap; is a vector of uncertainties. Matrices
A; Ay}, B;, Fy, E; represents the system matrices. The data for
all regions are from the annual report of the Iraqi Ministry of
Electricity for the year 2020 [21].
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3.1 North area

The northern region of Iraq includes the provinces of
Nineveh, Kirkuk, Salah al-Din, and Diyala, and it features a
mix of power generation sources. Installed generation
facilities in this area consist of hydroelectric, gas, and diesel
power plants. Each facility is equipped with its own turbine
and governor, whose specifications differ according to the
manufacturer. Table 2 presents the operational generation
capacity of this region. The equivalent system inertia (Heq)
was scaled with respect to the total installed capacity and the
inertia (H;) for this region was determined using Eq. (2), and
its calculated value is provided in Table 2 [22].

a C
Heq = Z H;. ——
e T ' CNorth

Table 2. Generator data and system inertia of the north
region of Iraq

2

Ge;;;z:tor Operat(lll\l/ig Vt}l‘)apacnty Hi(s) Heq (spu)
Hydro 187.5 4.5 0.533688
Gas 292 6 2.878445
Diesel 23 0.945  0.055936
Total 502.5 - 3.468

3.2 Central area

The central region of Iraq encompasses the cities of Ramadi,
Baghdad, Najaf, Karbala, Babil, and Diwaniyah. This region
relies on a mix of power generation technologies, including
hydroelectric, gas, diesel, and thermal plants. The generation
units in both the northern and middle regions share the same
operational parameters. The system's equivalent inertia (Heq)
was normalized with respect to the total installed generation
capacity. The inertia value was computed using Eq. (3) and is
listed in Table 3 [22].

N
o= Y
e - l.Ccentral

4

3)

Table 3. Generator data and system inertia of the central
region of Iraq

Ge;;;&;tor Operat(lll\l/ig “C])apauty Hi(s) Heq (spu)
Hydro 187.5 4.5 0.15087
Gas 292 6 2.43004
Diesel 23 0.945 0.04111

Thermal 610 6 1.64709
Total 1112.5 - 4.27

3.3 South area

The southern region of Iraq comprises the cities of Basra,
Maysan, and Dhi Qar, and is served by a range of power
generation units, including thermal, gas, and diesel plants. The
same generation parameters used in the northern and middle
regions were also adopted for this area. Table 4 outlines the
operational generation capacity of this region. The equivalent
system inertia (Heq) was normalized with respect to the total

installed generation capacity. The inertia value for this region



was determined using Eq. (4) and is listed in Table 4 [22].

> C
o
Hq:ZHlC
L

south

(4)

Table 4. Generator data and system inertia of the south
region of Iraq

Generator Operating Capacity

Type (MW) Hi(s) Heq (SPW)
Thermal 610 6 1.51075
Gas 292 6 2.34028
Diesel 23 0.945 0.06868
Total 925 - 3.919

3.4 Iraqi interconnected model

In this research, a simplified model of an interconnected
power system was developed to represent the northern, central,

and southern regions of Iraq, aiming to analyze the system’s
frequency response behavior, as illustrated Figure 1. The
relationship between load and frequency in each region was
aggregated into a damping coefficient D which was set to 1
per unit. The governor droop characteristic was modeled using
the gain (1/R), assigned a value of 20 per unit across all
scenarios. The parameters featured in Figure 1 are detailed in
Table 5. Additionally, the frequency bias coefficient B was set
to 21 per unit, as defined by Eq. (5) [22].

=1
B=—+D (5)

A multi-area power system describes regions that are linked
by high-voltage transmission lines. Besides maintaining
frequency stability in each region, the controller in every
control area is responsible for managing power flow across the
tie-lines, minimizing deviations between neighboring regions,
and reducing the area control errors (ACE;, ACE,, and ACE3),
as shown in Figure 1.

Table 5. Generators and system model parameters
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Figure 1. Block diagram of the Iraqi interconnected model

The coefficient ( K;;) equal 0.2 and denote the

synchronizing torque constants between interconnected zones.
The symbols (Af;, Af,, and Af;) refer to the frequency
deviations in the northern, central, and southern regions,

respectively. When an abrupt change in load takes place within
any of the zones, the HOSMC reacts by regulating the output
of the generators and reorganizing the power flow through the
tie-lines allowing certain zones to export power while others
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import it. To ensure frequency coherence among the zones and
along the interconnected paths, the area control error (ACE)
must be minimized to zero promptly, while also keeping
chattering effects to a minimum. The corresponding ACE
formulations are provided in Egs. (6) and (7).

ACE; = B,.Af, + Z AP 6)
j#i

APy ;i = Kij (Af; — Af)) @)

4. DESIGN AND IMPLEMENTATION OF THE
HYBRID OPTIMIZED SLIDING MODE
CONTROLLER

This section discusses the HOSMC, which is designed using
the same methodology as classical sliding mode control.
However, it differs by incorporating a PI term directly into the
reaching laws (u;), alongside the conventional switching term

1S .
(tan"12), in contrast to common approaches where

researchers add the integral term to the sliding surface to
mitigate steady-state error response.

4.1 Design of the classical Sliding Mode Control

SMC is a distinct form of variable structure control. It is
recognized for its robustness, as it effectively handles model
uncertainties and load-related disturbances [23-25]. The target
system behavior is defined by a sliding surface S;(t), and the
controller's objective is to drive the system states toward this
surface and keep them there. In this work, the sliding surface
S;(t) has been selected for each area; north, middle, and south,
respectively as depicted in Eq. (8) below:

d
Si (t) = /‘{I,i' ACEl + A_z’i.E (ACEL) (8)

where, (A;; A,; > 0) are sliding surface weights. In this

context, ACE,, ACE,, and ACE; denotes the tracking error,
while (4, ;, 4, ;) are sliding surface weights determined by the
designer. The primary objective of the control strategy is to
driveACE,, ACE,, and ACE; and its derivatives to zero at all
times once the sliding surfaces S; , S, , S; are reached.
Consequently, maintaining a constant value of S;(t) requires
that its time derivative be zero, which is mathematically
expressed Eq. (9):
5;() =0 ©)
After defining the sliding surface, the control input u;(t) is
formulated based on the conditions of the sliding mode. The
sliding mode control law u;(t) is composed of two
components: a nominal component Ueq;(t) and a switching
componentug,, ;(t), as described below in Eq. (10):

ui(t) = ueq,i (t) + usw,i(t) (10)

where, the equivalent control term is Eq. (11):
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Ueq,i(t) = f(states of system) (11)
And for classical SMC switching term is Eq. (12):
1S
Ugy,i(t) = —ky;. tan 16 (12)
And for Hybrid OSMC, the PI term is Eq. (13):
1S Si
Ugy,i(t) = —ky;. tan 16 - kzi.fsat(a).dt (13)

The switching gains (kq;, ko; > 0). The model has been
considered and can be written in differential form in each area.
The equations from Egs. (14-21) represent the north area
system as follow:

-1 3K,

T, K
. pl r pl
X1 =0 X% +——.X +<—2+2.—).(—).x
1 Tor 1 Tpr 3 T, T, 4
_<2TT) @ +@ X (14)
T, ) \Tp ) ™ T, 7°
K
+ 2 xg — 2 di 4y
Tp1 pl
2
L2 (gmen) FE).(B)x 09
UL, (Tn) AR\,
. -1 1
Xy T—.X4+T—.X5 (16)
2 2
5 = — L o+ ACE 17
XS_R.Tl'Xl Tl-Xs T, 1 (17)
o = g 18
Xg = . X . X
¥ TGgas o TGgas 7 ( )
: 1 ! + ACE (19)
X7 = X1 — . X .
7 R. TTgas ! TTgas 7 TTgas !
-1 1
}.(8 = 'X8 + .Xg (20)
TGdiesel TGdiesel
-1 1
}‘(9:7.)(1_ .X9+ .ACE1 (21)
R. TTdiesel TTdiesel TTdiesel

The equations from Egs. (22)-(31) represents the central
area system as shown below:

. -1 31(21,2
X109 = E.Xlo +K.x12
T. K
+ (—2 + 2.—r) . (i2> . X13
T2/ \Tpz (22)
(—2.T,.Kpy) Ky,
(Tz.sz) pz
+ 22 xyy + 222 X
sz - X17 sz - X19 i



2 T\ /2
x12=T_.x12+(1_T_).(T_).X13
w 2 w
(2.T.)
+ X
((TZTW)) 14
1 1
X13 = T_.x13 + <T_) . X14
2 2

R 1 1
X14 = R. Tl X109 — (T_l) - X14 + <T_1) .ACE2

, —1 1
x15 = T .x15 + —T .x16
Gthermal Gthermal
) -1 1
X16 =5 X0 " \m |- X16
R. TTthermal TTthermal

1
+ <7> .ACE,
TTthermal

) -1 1
X17=—.X17+ - |- X18
Ggas TGgas
_ -1 1
X118 =TT X190 — X
18 R. TTgas 10 TTgas 18
1
+ LACE
(TTgaS) ?
) -1 1
X19=7.X19+< >.xZ0
TGdiesel Gdiesel
20= a0~ (Frae)
Xo0 = = -X10 — X
20 R. TTdiesel 10 TTdiesel 20
+ .ACE
TTdiesel 2

(23)

24)

(25)

(26)

27)

(28)

(29)

(30)

(€2))

The equations from Eqgs. (32)-(38) represents the south area

system as shown below:

-1 K K K
. p3 p3 p3
X21:T_.X21+<T—>.X23 +T—.X25 +T—.X27

p3 p3 p3 p3
+ Uj
o =y ()
X23 = -X23 T )Xo
TGthermal TGthermal

— ( 1 )
X1 — -Xoa
R. TTthermal TTthermal

1
+—ACE;
TTthermal

X24 =

—.X —].X
TGgas 28 TGgas 26
-1

1 1
Xy = ————.Xp1 — .Xp6 + — . ACE
26 R. TTgas 2t (TTgas> 26 TTgas :

X25 =

-1

1
— . Xy + _T .Xog
Gdiesel Gdiesel

X27 =

(32)

(33)

(34)

(35)

(36)

G37)
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. -1
X28 = .
R. TTdiesel

(Facs)
X9q1 — .X
i 1 TTdiesel 28

.ACE,

(3%)
+

TTdiesel

The derivation of the sliding surface S;(t) can be simplified
for three areas; north, middle, and south after substituting the
area control error ACE;, ACE,, and ACE; as follow Egs. (39)-
41):

Sl = }\1’1.AC'E1 + A2,1-AC'E1 (39)
S; =A12.ACE; + 4,,.ACE, (40)
S3 = )\1‘3.AC'E3 + )\2’3.AC'E3 (41)

To achieve Egs. (39)-(41), the derivative of sliding surfaces
S, . S,, and S; must be reaching to zero, we substitute the
differential equations of X4, X0, and X,; which represent the
Afy, Af;, and Af; respectively. After, the equations of ueqq,
Ugq2 and ueq 3 have been derived and presented in Egs. (42)-
(44):

T . ; 1
Ueqr = KLl [—Aljl.ACEl ~ 1. ACE + 7%y
p1 p1l
K 3K
Bpr o 2Mp
Ty 2 Ty
T\ K
+<2—2T—;>.T—‘°11x4 (42)
p
_2h Ko K K
T2 Tpl Tpl Tpl
K
+ —pldi]
Tpy
T . . 1
ueq‘z = LZ |i_)\1‘2.ACE2 - }\2,2.ACE2 + _X10
Ky, 3Ky,
+ T:z X11 — T—pzxu
T\ Ky,
—(2—2T—:).T—"2 . 43)
P
2T, Ko Kp2 Kp2
— X5 — = Xe¢ — X
T, Tz © Tpy 0 Ty 0
K
+ =22 di]
T . . 1
ueq‘3 = ﬁ |:_)L1‘3.ACE3 - )\2’3.ACE3 + _X21
Kp3 Tp3
K 3K
p3 p3
+ _ —_
Tp3 X22 Tp3 X3
T K
+(2—2T—:).T—"33 . (44)
p
2T, Kps Kps Kps
— X5~ X — X
T, Tys ° Tps © Tps ©
K
i di]
Tp3

Thus, the resulting sliding mode controllers u;(t) for each
area are presented in Egs. (45)-(47):



-1 Sl

ul (t) = ueq’]_ - kll.tan 6 (45)
-1 SZ

uz (t) - ueq’Z - klz.tan 6 (46)

U3 (t) = ugg3 — k tan‘ls—3 47)
3 eq,3 13- @

4.2 Implementation of the Hybrid Sliding Mode Controller

In this study, the HOSMC is modified by including two
switching functions; conventional switching and PI switching
to mitigate the chatter and the steady state error. The term ug,, ;
include the conventional switching and the PI switching is
presented as Egs. (48)-(50):

— -1 S1 51
Uy (t) = Ueqq — kqq-tan i ko, | sat b .dt  (48)
- 152 Sa
Uy (E) = Uggp — kyp-tan i ko, | sat 7 dt  (49)
— -1 Ss
U3(t) = Ueqz — ky3. tan ? ko3 | sat ? .dt  (50)
Intialize System
Pa.ra.m etet s
Define the Sliding Suface
¥
@ Forttalate PI-based reachitg Law
’ *
Com pare Perfotm ance Ant-coloty optitmization
T v
Simulate Svstem Evaluate fitness
L ¥
Com pate G ontr ol < Update controller parameters
Signal

Figure 2. Algorithmic representation of controller

1

Here, tan™ % is included in the controller to guarantee the

smoothing action of the control law. The tuning parameters
(k11 k21, k12, k22, ki3, and k,3) are switching gains, and
(@) is deadband switching obtained with the use of the
metaheuristic optimization techniques. The ACO technique
used in this research to obtain the optimal controller
parameters. The Integral Time Square Error signal (ITSE) is
taken as objective function for each area as Eq. (51). The
algorithmic representation of controllers are demonstrated in
Figure 2.

ITSE :fe(t)z.dt (51)

4.3 Lyapunov stability proof

The Lyapunov assumption for each area north, central, and
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south as Egs. (52)-(53):

l/area (t) = %(Sarea)z (52)
where, Vpeq > 0 for (Sgreq(t)) # 0, then:
Varea () = (Sarea(t))- (sa‘rea ) (53)

The proposed hybrid sliding mode control law as Eq. (54):

uarea = ueq,area + usw,area (54)
With the hybrid switching term in Eq. (55):
S
Usw,area = _kl,area-tan_1 (%)
: (55)

area

- kZ,area- f Sat( )dt

0

where, K1 greq) K2,area > 0, Using Eq. (8) above for each area.
The sliding surface derivative for each area is given in Eq.
(56):

= Al,area-ACEarea + AZ,area-ACEarea (56)

Sarea

By choosing the equivalent control Ugg greq, to €liminate

the known part of the equation above, the closed loop sliding

dynamics after removing known part can be written in the
shorten form as Eq. (57):

. S,
Sarea = €area(t) — kl,area-tan_1 (%)

; (57)
- k2,area-jsat( area) dt

0

where, &4,.4(t) represents the parameter variations, load
perturbations, and unmodeled dynamics that is supposed
bounded as follow as Eq. (58):

| garea (t) | S garea (t) (58)

By substituting into Lyapunov derivative V., (t) yields as
Eq. (59):

V;Lrea ®)
= (Sarea(t)): (Earea(t))
Sarea
(kl area)- (Sarea(t))- tan™? ( 0 )

— (zarea). Sarea(®)). f sap(2ee ‘"e“)

(59)

USing the inequality |(Sarea)- (Earea)l = (Sarea)- |(Sa‘rea)|;
SO:

(Sareq)-tan™! (S‘i%) >0, V(Sgeq) #0, We get the
bound as Eq. (60):

V;J.Tea < garea' |(Sarea)| - (60)



(k1area)- (Sarea(t))-tan™ <S‘1%>

t
S
- (kz,area)- (Sarea (t)) f Sat(%) dt
0
So that, by choosing the gain (kq4,¢4) to be greater than

N 1 (S .
Toeq Cnsures that the term tan™! (%) dominates the

uncertainty and enforces as in Eq. (61):

Varea®) <0 V(Sgrea(t)) # 0 (61)
This shows the reaching condition as Eq. (62):
(Sarea(t))' (sarea (t)) < 0 (62)

So, the sliding surface is attractive and the trajectories are
driven toward to zero or to very close neighbourhood.

5. ANT-COLONY OPTIMIZATION

Initia E=tion (ne.ofants, phervmone evaporation rate. max. iteration, et}

¥
Construct Solutions (Pheramone i ptensity, Heuristic information)
Y

Evaluate Solwtions {using cost function)

+

Update Phervmones{Evaporation, Deposition)

Figure 3. Ant-Colony Optimization (ACO) flowchart

Metaheuristic optimization techniques provide efficient and
economical approaches for tuning fractional controllers. These
strategies depend on an objective function to evaluate solution
performance and identify the optimal parameter values. ACO
is a population-based metaheuristic derived on the feeding
behavior of ants. Artificial ants navigate the search space and
release virtual pheromones that direct subsequent solutions
into favorable areas. By employing iterative pheromone
update and probabilistic solution construction, ACO
proficiently discovers near-optimal solutions for complicated
optimization challenges. This research employs the ACO
algorithm to optimize ten parameters of the HOSMC
controller and fifth ten parameters of the fractional Optimized
fractional proportional-Integral-Derivative (OFPID)
controller, aiming to enhance system response. The cost
function illustrated in Eq. (63) is used to minimize the ACE
aiming for a zero error in each area by integrating the
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summation of the squared area control errors for three Areas
(ACE}), (ACE}), and (ACE5) multiplied by time (t).

Cost value = f (t. ACE,*dt + t. ACE,*dt
0 (63)

+ t. ACE;%dt)

In this technique, ant groups are randomly exploring the
problem space for their goal. In a single zone, the controller's
tuning is solely necessary to regulate the grid frequency. For
an interconnected system, the controller must be tuned to
fulfill various purposes, namely regulating the zonal frequency
and coordinating the net exchanges across the tie-lines. To
attain these objectives, a composite performance metric
known as the Area Control Error (ACE) is utilized as the
feedback variable in the control loop, integrating two essential
components: the zonal frequency deviation (adjusted by the
area's frequency bias factor) and the deviation of actual tie-line
flows from their scheduled values. Consequently, lowering the
ACE via the cost function can guarantee the fulfillment of both
objectives as in Figure 3.

6. RESULTS AND DISCUSSION

This section examines a three-area interconnected power
system for simulation purposes. The outcome derived from the
proposed method is compared with the newly documented
methods in the literature. The performance has been assessed
based on peak value, settling time, and steady state error
values. The simulation parameters for all cases are
demonstrated in Table 6.

Table 6. Simulation parameters for all cases

Sctﬁzl(; Ap:llilll(: (s) Disturbance Uncertainties Area
Case 3 Ramp disturbance i 3
Study 1 Period=5s

Case 5 Load disturbance ) 1
Study 2 15%

Case 10 s Load disturbance ) 5
Study 2 10%

Case 15 Load disturbance i 3
Study 2 15%

Case 15 White noise i 1
Study 3 power

Case 5 Load disturbance 10% in 1
Study 4 10% (K12 & K39)
85135;34 5 Load dll(s)zzrbance 45% in (Tggas) 3

6.1 Case study 1

This section outlines the system's testing during which it
experienced a uniform ramp-type slope disturbance for a
period of five seconds at t = 8seconds across area 3, as
illustrated in Figures 4-6. The performance of the HOSMC is
compared to that of the OSMC and the OFPID controllers in
Table 7. The responses of the HOSMC demonstrate that the
proposed controller exhibits lower steady-state and peak error
values compared to the other controllers specifically in area3
where the disturbance has been applied. The HOSMC also
achieves a smooth response with minimal chatter.
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Table 7. Controllers’ response comparison for case study 1

Method Peak Value Settling time  Absolute

(p.u.Hz) (s) es.s Area
OFPID -0.0038 23.38 0.0037 1
OSMC -0.000056 37.15 0.000043 1
HOSMC -0.00005 19.15 0.00000012 1
OFPID -0.0033 35.35 0.0037 2
OSMC -0.000062 50.69 0.000044 2
HOSMC -0.000051 40.32 0.00000014 2
OFPID -0.005 30.17 0.0038 3
OSMC -0.0015 20.18 0.0014 3
HOSMC -0.001 18.32 0.000005 3

Note: HOSMC = Hybrid Optimized Sliding Mode Controller; OSMC =
Optimized Sliding Mode Controller

583

6.2 Case study 2

This case study illustrates a severe event in which a sudden
load disturbance of 15% was introduced to area 1 att = 5
seconds, area 2 at t = 10 seconds, and area 3 at t = 15 seconds,
to assess the efficacy of the proposed method via simulation in
a three-area power system. Figures 7-9 display the resultant
frequency deviations in areas 1, 2, and 3, as well as the power
flow across the tie-line connecting the three zones during this
case study. The performance of the proposed HOSMC
demonstrates superior responsiveness across all three areas
experiencing load disturbances at different times. Table 8
reveals lower peak and steady-state error values, accompanied

by a rapid responseA.
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Table 8. Controller's response comparison for case study 2

Peak Value

Settling time  Absolute
Method (p.u.Hz) ) es.s Area
OFPID -0.005 33.89 0.004 1
OSMC -0.002 40.0 0.0005 1
HOSMC -0.001 19.87 0.0000023 1
OFPID -0.004 30.33 0.004 2
OSMC -0.001 21.97 0.0002 2
HOSMC -0.0008 20.85 0.00000013 2
OFPID -0.01 35.11 0.004 3
OSMC -0.0048 38.21 0.001 3
HOSMC -0.004 22.51 0.00000002 3

Note: OFPID = Optimized fractional proportional-Integral-Derivative;
OSMC = Optimized Sliding Mode Controller; HOSMC = Hybrid Optimized
Sliding Mode Controller

6.3 Case study 3

Following the evaluation of controller performance in
response to step-load and ramp disturbances case study 3
examines the implementation of white noise power within the
system. Responses of the three controllers are depicted in
Figures 10-12. The data in Table 9 indicates that the proposed
HOSMC outperforms competing controllers in terms of peak
and steady-state error values. The settling time of HOSMC is

minimized, especially in region 1, where white noise is
provided.
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Table 9. Controller's response comparison for case study 3

Method Pf(:;i-\ll_?zl;l ¢ ?i(:rtlteli?sﬁ Ab:;)'lsute Area
OFPID -0.004 40.00 0.002 1
OSMC -0.0013 30.86 0.00032 1
HOSMC -0.0011 15.81 0.0000034 1
OFPID -0.0031 50.95 0.0026 2
OSMC -0.000065 40.94 0.000018 2
HOSMC  -0.000034 2587 0.0000014 2
OFPID -0.003 35.27 0.002 3
OSMC -0.000057 25.89 0.000013 3
HOSMC -0.00003 2251 0.00000001 3

Note: OFPID = Optimized fractional proportional-Integral-Derivative;
OSMC = Optimized Sliding Mode Controller;
HOSMC = Hybrid Optimized Sliding Mode Controller

6.4 Case study 4

After assessing the controller, which proved effective under
various abrupt load conditions, it is now being tested for
scenarios involving uncertainties in the system's parameter
values due to wear, damage to mechanical components, or
network failures. The initial test is £10% in K;, and K3,. The
second test is £45% in Ty, for the area 3 governor. Figures
13-21 illustrate the controller's response. The selected
uncertainty value for each parameter derives from a
combination of industry practices and IEEE/IEC standard test
cases. The data indicates that the proposed HOSMC
demonstrates superior robustness against the uncertainties
associated with K;,, K37, and Tgg4s, as evidenced by its

minimal peak and steady-state error levels, along with the
controller's smoothing behavior.
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The results obtained from the fourth case, after exposing the
system to varying percentages of uncertainty, showed that the
HSMC achieved the best stability and robustness performance
compared to the other traditional controllers FPID and SMC.

6.5 Comparative study with other relevant works for three
areas interconnected power system

This section is carried out to provide a comprehensive
comparison of our study with the literature. Table 10 includes
the compared specifications. The results given in the
comparative table are based on Eq. (64).

improvement(%)
__|response (new) — response (old)

*100% (64)

response (new)

The comparative table illustrates the superiority of the

HOSMUC controller for realistic performance and robustness in
managing abrupt load variations across numerous zones
simultaneously. This advantage may result from constraints
that introduce nonlinear characteristics to the model and
controller by incorporating dead-band and saturation
limitations into the generation system, which are often
neglected in several research projects and consequently impact
overall system performance. This performance evaluation of
this study relies on comprehensive simulation models that
integrate realistic system parameters, nonlinearities, and
disturbance scenarios. This simulation-based analysis is
commonly utilized in LFC research as an initial validation
phase prior to real-time execution. However, the current study
is restricted to simulation-based validation, and the real-time
application of the proposed controller on hardware platforms
like SCADA/PLC systems or hardware-in-the-loop testing
environments represents a significant path for future
investigation.

Table 10. Comparative table of numerous studies on the load frequency control (LFC)

Ref. Controller Saturation Dead Optimization Settling Time Peak Value Ar.ea of Load
Band Improvement Improvement  Disturbance
Current Hybrid Optimized
stud Sliding Mode Included  Included Ant-colony +76.9% +64.7% Areal only
Y Controller (HOSMC)
Current o o
study HOSMC Included  Included Ant-colony +4.3% +100% Area2 only
C;f;;t HOSMC Included  Included Ant-colony +65.7% +98.3% Area3 only
Cs‘if;;t HOSMC Included  Included Ant-colony +78.5% +99.5% All Areas
Sliding Mode Control Not Not N 0
[10] (SMC) included  included LMI based Lyapunov +50% +93.3% Areal only
Integral Sliding Mode Not Not Modified particle swarm o o
M1 " controller ISMC) ~ included  included  optimization (MPSO) +16.6% F76% Areal only
Not Not . . o o
[12] Observer SMC included  included H-infinity +23% +78.3% Areal only
[12] Observer SMC Not Not H-infinity +14.3% +78.3% Area2 only
included  included ’ ’
[12] Observer SMC Not Not H-infinity +30% +78.3% Area3 only
included  included ’

Note: All performance values are expressed as percentage improvements in settling time and peak value relative to each study’s baseline controller, ensuring
consistent comparison across different optimization criteria (e.g., ITAE, ISE, or time-domain indices).

7. CONCLUSION AND FUTURE WORK

This study introduced the design of a HOSMC, Optimized
Sliding Mode controller (OSMC), and Optimized Fractional
(OFPID) controller for three-areas interconnected Iraqi power
system. The optimal parameters for both controllers were
established utilizing the ACO technique. The results from the
four case studies demonstrated that the suggested HOSMC
controller consistently outperformed the optimized OSMC and
OFPID controller regarding settling time, peak value
reduction, and steady-state error. In case study 1, the HOSMC
minimized the settling time in area 1 from 23.38 seconds using
OFPID and from 37.15 seconds using OSMC to 19.15 seconds
and at the same time lowering the peak value from -0.0038 p.u.
to -0.00005 p.u.

In case study 2, the HOSMC decreased the settling time in
area 1 from 33.89 seconds to 19.87 seconds. In case study 3,
the HOSMC attained the quickest stabilization, i.c., the
settling time was around 15.81 seconds in area 1, in contrast
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to 30.86 seconds when using OSMC, while ensuring low
frequency deviation across all cases.

Our forthcoming endeavors will concentrate on the
development of a hybrid fractional order sliding mode
controller for three-areas interconnected power system with
the presence of high penetration of renewable energies such as
PV, and wind turbine. Future research will examine the real-
time use of the proposed controller utilizing hardware-in-the-
loop platforms or SCADA/PLC settings to evaluate
computational practicality.
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