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ABSTRACT Energy transition from traditional generation sources into new renewable energy generation
has become essential for facing climate changes. However, increased penetration levels of renewable energy
sources (RESs) make power systems subjected to low inertia problems. Moreover, the continuously growing
numbers of electric vehicles (EVs) have made the substantial need for their contribution in power systems.
Therefore, this paper proposes a combined fractional-order controller using the parallel combination of tilt-
integral-derivative with filter (TIDF) and hybrid fractional-order (HybFO) controllers for robust frequency
regulation in interconnected power systems. The proposed controller is advantageous in combining themerits
of two fractional-order controllers that result in more robust and effective load frequency control (LFC) at
wide range and different types of disturbances. Furthermore, a new application of marine predator optimiza-
tion algorithm (MPA) is proposed for simultaneously determining the optimum controller parameters in the
different power system areas. The existing EVs contribute in performing additional functionality in power
systems. EVs help in damping out the frequency and tie-line power oscillations in the proposed work. The
two-area interconnected power system is selected as a case study with the installed photovoltaic (PV), and
wind generations in addition to distributed EVs among areas. The obtained results show the superiority
and suitability of the proposed controller over the traditional controllers in the literature. Additionally,
the effectiveness of the MPA is validated and compared with recent meta-heuristic optimization algorithms.

INDEX TERMS Electric vehicles (EVs), interconnected power systems, load frequency control (LFC),
marine predator optimization algorithm (MPA), renewable energy sources (RESs).

I. INTRODUCTION
A. GENERAL
Climate changes have driven governments to set ambitious
plans for renewable energy sources (RESs) replacement of
conventional fossil fuel sources [1]. Vast installations of
wind and photovoltaic (PV) generation systems have been
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deployed in operation in recent years [2]. However, RESs
possess low inertial response due to their power electronics
based structures. Due to the intermittent nature of RESs,
power systems are subjected to frequency oscillations, which
can lead to severe consequences, such as partial/complete
power system blackout. Moreover, changes in the demanded
load and resulting power mismatches between generation and
loading lead to frequency deviations and tie-line power fluc-
tuation from their nominal values. Therefore, load frequency
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control (LFC) has become a crucial element for preserving
stable and secure power system operation [3].

The LFC performs an important role in maintaining the
stability of the interconnected power system during load dis-
turbances and RESs variations. In general, frequency regula-
tion in power systems includes two different control loops.
The first loop is represented by the primary control loop,
which deals with the speed governor regulation. However,
the primary control loop is not sufficient for controlling and
overcoming the power system fluctuations. The second loop
is based on the secondary control loop, which contributes
mainly in handling frequency variations and the fluctuations
in tie-line power among the different system areas [4], [5].
Different energy storage devices (ESDs) can participate in
improving power systems performance. In addition, ESDs
can help in maintaining the stability and durability of the
system frequency during the various fluctuations. An over-
all increase of running electric vehicles (EVs) has been
achieved in recent years, and further exponential growth
is also expected in the near future. Accordingly, adding
more features for EVs in contributing and enhancing the
power system response is essential with the continuously
increased numbers of EVs. The storage devices of EVs are
utilized as distributed ESDs in power systems. As a result,
more robust and stable controllers are needed for preserving
high power quality and secure energy supply of the power
systems [6].

B. LITERATURE REVIEW
Through the increased and board utilization of EVs, the role
of their energy storage systems in enhancing LFC and power
system stability cannot be neglected. The fleets of EVs can be
considered as distributed energy storage devices that can be
congregated to discharge during the load demand. However,
in large power systems consisting of many interconnected
areas, there are many control parameters, which need to
be optimally designed. In the literature, there are several
optimized controllers based on integer-order, fractional-order
(FO), fuzzy logic (FL), artificial intelligence (AI) control
systems [7]–[9]. Different arrangements and combinations
using proportional (P), integral (I), derivative (D), and tilt (T)
controllers have been proposed for LFC systems [10], [11].
Table. 1 summarizes the used abbreviations in this paper.
The conventional PI controller has been developed for LFC
in [12]. However, it suffers from instability issues when com-
munication system time delay is considered.

Using different control theories, the parameters of LFC in
interconnected power systems have been designed. In [13],
PID controller parameters have been designed based on sta-
bility boundary locus (SBL) scheme. In [14], PI parame-
ters are optimized using Harris Hawks optimization (HHO).
These controllers represent simple solutions, however, they
fail at totally mitigating the fluctuations in power sys-
tems. The control of EVs using TID controller has been
designed and optimized using artificial-bee-colony opti-
mizer (ABC) in [15]. Also, in [16], the authors have presented

optimum modified FO controller for EVs based on two-area
interconnected power systems. Furthermore, virtual inertial
controllers have been optimized using the particle swarm
optimizer (PSO) algorithm [17]. Moreover, an improved
automatic generation control (AGC) method using FFOID
has been developed in [18]. TID controller has been imple-
mented for LFC and optimized using pathfinder algorithm
(PFA) [19]. In [20], a FO-PID controller has been opti-
mally designed based on a movable damped wave algo-
rithm (MDWA) in multi-area power system. In [21], FOPID
controller has been proposed based on sine-cosine optimiza-
tion algorithm (SCA). However, these control techniques can-
not damp out wide range of fluctuations due to using single
degree of freedom.

Moreover, in [6], [22]–[24], the various FO-based con-
trollers have been presented and compared for solving LFC
issues. The comparison included the PID, FOPID, two-
degree-of-freedom (2DOF)-PID, 2DOF-FOPID, 3DOF-PID,
3DOF-FOPID, and CF-FOIDF. However, most of the
addressed controllers require massive efforts in the tuning
process of the parameters. Particularly, themetaheuristic opti-
mization techniques lack the reliability due to the increased
probability to settle in a local minimum. In addition, several
parameters need to be tuned properly, which represents a big
issue to provide the optimal solution.

In order to obtain further improvements of the LFC per-
formance, modified control structures have been introduced
in the literature. The TIDF controller has been proposed
and optimized using differential evolution optimization (DE)
in [25]. PI-TDF controller has been tuned using slap
swarm optimizer algorithm (SSA) in [26]. Dual stage con-
trollers have been optimized using butterfly optimizer algo-
rithm (BOA) in [27]. Manta ray foraging optimizer is used for
designing hybrid FO controllers in [28]. Furthermore, cas-
caded FOPID-FLC have been designed for damping power
system oscillations using imperialist competitive optimizer
algorithm (ICA) in [29]. While, in [30], an improved FPIDN-
FOPIDN control scheme has been developed for AGC using
ICA in two-area power systems. In [31], an adaptive inte-
grator has been introduced using elder scrolls online (ESO)
and balloon effect modulation (BE). Merging ESO with BE
is beneficial in improving system stability especially with
parameters uncertainties. Moreover, a new AGC controller
using cascaded FO-ID with filter has been presented in [32].

The optimized modern controllers have been applied
in LFC of interconnected power systems. Model predic-
tive control (MPC) has been optimized using sooty terns
optimizer (STO) in [33], [34] and multi-verse optimiza-
tion (MVO) in [35]. As well, sliding mode control (SMC) has
been designed and optimized using ABC in [36], [37]. How-
ever, developing MPC and SMC requires more complex and
accurate mathematical models for the power system. More-
over, FLC systems have been presented for controlling EVs
in interconnected power system using ICA, genetic algorithm
and tribe DE optimizer in [38], [39]. The classification of the
various addressed LFC techniques in the literature has been
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FIGURE 1. Classification of different LFC techniques.

shown in Fig. 1. The meaning of the different abbreviations
are clarified in Table. 1.

TABLE 1. Abbreviations of various control techniques in this paper.

C. ARTICLE MOTIVATION
From the aforementioned discussion, many controllers have
been presented in the area of LFC in interconnected power
systems. However, using FO-based controllers has excel-
lent advantages in damping system oscillations and regu-
lating system frequency. Moreover, they provide practical
and robust solutions regarding response time and frequency
regulations. Therefore, this paper proposes a combined FO
controller using the parallel combination of TIDF andHybFO
controllers for robust frequency regulations in interconnected

power systems. The proposed controller is advantageous in
combining the merits of two FO controllers that result in
more robust and effective frequency regulation with wide
range and different types of disturbances. The proposed par-
allel combination employs two feedback signals using the
frequency deviation and the area control error (ACE). This,
in turn, leads to damping the high-frequency oscillations
using the frequency deviation loop. In addition, damping the
low-frequency oscillations is achieved through the ACE loop.

Moreover, thanks to the authors’ knowledge, a new appli-
cation of MPA is proposed for simultaneously determining
the optimum controller parameters. The advantageous capa-
bilities of MPA result from its operating principle through
emulating the food search process within the surrounding
predators by the movements of Levy and Brownie. The MPA
can optimally encounter modified policy through the biolog-
ical interactions between the preys and predators. The MPA
takes the benefits of the good memory within reminding their
associates and locations of successful foraging [40]–[43].

D. ARTICLE CONTRIBUTIONS
The main contributions of this paper can be summarized in
the following points:
• A new robust fractional order controller is proposed
based on the combination of TIDF and HybFO con-
trollers for frequency stability improvement of power
system. The proposed controller can quickly damp out
the frequency oscillations and tie-line power deviations.

• The proposed controller incorporates the features of
the optimal centralized combination of the TIDF and
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FIGURE 2. The main structure and components of the two-area interconnected power systems.

HybFO controllers for enhancing the response of the
whole LFC system.

• This study proposes the contribution of EVs in providing
an adequate inertia power to the power system during
contingencies. Thus, EVs can participate in achieving
more damping of the frequency and tie-line power oscil-
lations.

• A new application of the MPA is developed for opti-
mizing the parameters of the proposed controller. The
superiority of the MPA is employed for optimally deter-
mining the parameters of the proposed controller.

• The proposed controller is applied with considering
the different effects of load changes and unpredictable
disturbances of RESs penetration levels in addition to
their uncertainties. Furthermore, the generation rate con-
straints (GRC) are considered in the design process of
the proposed controller.

• The performance of the proposed TIDF/HybFO com-
bined controller based on the MPA is compared with
the conventional TIDF and HybFO controllers. The
proposed controller can significantly guarantee reliable
performance of the interconnected power system and
improved frequency stability with considering the high
deployment of RESs.

The remaining of the paper is organized as fol-
lows: Section II provides the mathematical model of the
interconnected power system, including the various gen-
eration sources. The proposed HybFO-TIDF controller is
presented in Section III. Section IV provides the details of
the MPA and the proposed design optimization process.
Section V presents the simulation results and discussions of
the proposed controller. The performance comparisons are
presented in Section VI. Finally, paper conclusion is provided
in Section VII.

II. MATHEMATICAL MODELLING OF THE STUDIED
SYSTEM
A. STRUCTURE OF STUDIED POWER SYSTEM
In the current work, the studied power system consists of two
interconnected areas through AC tie-line, as shown in Fig. 2.

Area a contains non-reheat thermal power plant, wind tur-
bine, EVs and connected loads. Whereas, area b includes
a hydro power plant, PV power plant, wind power plant,
the connected EVs, and loads as shown in Fig. 3. In addition,
each area is controlled by its local LFC to minimize the
fluctuations in area frequency and tie-line power. The tuning
process of these controllers is crucial for determining the
performance of each area with the various transients in the
system. This paper proposes a new controller and optimized
design algorithm for LFC in the studied two-area power
system. In the studied system, the proposed controller also
manages the connected EVs in each area for preserving robust
control of the system frequency and tie-line power. Fur-
thermore, the proposed system employs the expected future
EVs in power systems to enhance system performance and
response. Therefore, more stable power system operation
is obtained against the various operating conditions, such
as step changes in the power system loading, the resulting
low inertia effects due to high penetrations levels of RESs,
and the uncertainties in the system parameters. The values
of basic simulation parameters of studied systems are tabu-
lated in Table. 2 as given in [28]. In the following subsec-
tions, the mathematical modeling of the various elements is
introduced.

B. EV MODELLING
Recently, with the wide replacements of traditional fossil
fuel-based vehicles by EVs, additional functions are added
to control the EVs to improve the response of power systems,
efficiency, and reliability. One main task is maintaining the
power system frequency stability caused by step changes
and variations of generated power from RES and absorbed
power by connected loads. The detailed dynamic model of
EVs is shown in Fig. 4, which has been applied in this paper
for the frequency response analysis as in [16]. In addition,
the Nernst equation is commonly utilized for expressing the
relation among the open circuit voltage (Voc) and the state of
charge (SOC) of connected EVs as follows [16]:

Voc(SOC) = Vnom + S
RT
F
ln (

SOC
Cnom − SOC

) (1)
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FIGURE 3. The model of studied system using two-area interconnected power systems.

where Voc(SOC), Vnom, Cnom are the EVs open-circuit volt-
ages as a function of EVs SOC , EVs nominal voltages and
EVs nominal capacities (in Ah), respectively. In addition,
S denotes to sensitivity parameter value between Voc and the
SOC of connected EVs. Whereas, R, F , T represent the gas
constant, Faraday constant, and the temperature, respectively.

C. MODELLING OF WIND POWER PLANTS
In this work, simplified modeling of wind power plants is
employed to emulate the variable nature of the generated
output power from wind generation system. The employed
first-order transfer functionGWT (s) of wind power plants can
be expressed as follows [17]:

GWT (s) =
KWT

TWT s+ 1
(2)

where, KWT and TWT represent the gain and time constant for
the wind power plant, respectively.

FIGURE 4. Dynamic modeling of connected EVs for LFC studies.

D. MODELLING OF PV POWER PLANTS
In the same context, the transfer function of PV power plants
GPV (s) is modeled through a first-order transfer function
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TABLE 2. Main values of simulation system data with (i ∈ {a, b}).

model. It can be expressed as follows [18]:

GPV (s) =
KPV

TPV s+ 1
(3)

where, KPV and TPV denote to the gain and time constant for
the employed PV power plants, respectively.

E. MODELLING OF NON-REHEAT THERMAL POWER
PLANTS
As shown in Fig. 3, themodeling of non-reheat thermal power
plants is composed of the governor stage, limiter stage, tur-
bine stage, and generation rate constraint (GRC) stage [20].
The governor stage can be expressed as follows:

Gg(s) =
1

Tgs+ 1
(4)

whereas, the turbine stage can be expressed as following:

Gt (s) =
1

Tts+ 1
(5)

The definitions of the various elements and their corre-
sponding values for the current study are detailed in Table. 2.

III. PROPOSED HybFO-TIDF CONTROLLER
In literature, various integer and fractional order controllers
are utilized for LFC in several power systems applications.
The PID has found wide employments in frequency stability
problems in the literature. The transfer function of the PID
controller is expressed as follows:

C(s) =
Y (s)
R(s)
= Kp +

Ki
s
+ Kd s (6)

where, Ki, Kp, and Kd represent the gains for the integral,
proportional, and derivative terms, respectively. The frac-
tional order (FO) PID controller has been also introduced
for combining the merits of integer order PID and the FO
calculus. The FOPID controller can be represented by the
following transfer function:

C(s) =
Y (s)
R(s)
= Kp +

Ki
sλ
+ Kd sµ (7)

where, λ and µ denote to the orders for the integral, and
derivative terms, respectively. Their tuning range lies in the
limits between [0, 1]. It has been verified in literature that
adding the FO terms λ and µ can provide better perfor-
mance and enhanced dynamic responses compared to the PID
controllers [28].

From another side, tilt integral derivative (TID) controllers
have been proposed in the literature for extending the appli-
cations of FO control systems in LFC. The TID controller can
be expressed by the following transfer function:

C(s) =
Y (s)
R(s)
= Kt s−(

1
n ) +

Ki
s
+ Kd s (8)

where, Kt , Ki, Kd represents the gains of tilt, integral, and
derivative terms. The tuning process of the gain terms and
FO terms gains are employed for optimizing and providing
robust performance in the overall power system. Whereas,
n represents a non-zero real number, and it is selected in the
range between 2.0 and 5.0 [11], [25].

The HybFO controller has been presented in [28] by
combining the characteristics of both the TID and FOPID
controllers. The presented controller has proven superior per-
formance over the traditional PID, TIDF, and HybFO con-
trollers. The transfer function of the HybFO controller can be
represented as follows:

C(s) =
Y (s)
R(s)
= Kt s−(

1
n ) +

Ki
sλ
+ Kd sµ (9)

From the aforementioned existing controllers in literature,
new developments are needed for widening the applications
of FO control systems. The traditional controllers employs a
single feedback signal (ACE signal), which results in slow
response of the LFC system. In addition, improper mitiga-
tion of various disturbances is obtained through using only
the ACE feedback signal. From another side, the proposed
controller in this paper is based on combining the merits
of both HybFO and TIDF controllers. The proposed con-
troller combines the superior performance of the HybFO
and TIDF controllers over the traditional controllers. The
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FIGURE 5. The derivation of the structure of the proposed controller.

proposed controller combines two different inputs, including
the frequency deviations in each area, and the ACE signal
of the area. The employment of the two feedback signals
in the proposed controller is advantageous at damping both
of the high-frequency and low-frequency oscillations. The
frequency deviation loop can mitigate the high-frequency
system fluctuations. Whereas, the ACE control loop can mit-
igate the low frequency fluctuations. Therefore, improved
system response is guaranteed through applying the proposed
controller.

In the proposed controller, the frequency deviation loop is
based on the TIDF controller, whereas the HybFO controller
is utilized in the ACE loop. The mathematical representation
of the proposed controller can be expressed as follows:

Y (s) = (Kt1 s
−( 1

n1
)
+
Ki1
s
+ Kd1

Ncs
s+ Nc

)1fx

+ (Kt2 s
−( 1

n2
)
+
Ki2
sλ1
+ Kd2 sµ1 )ACEx (10)

where, Nc represents the derivative filter coefficient of the
TIDF controller, and (x ∈ {a, b}). Fig. 5 shows the structure
of the HybFO, TIDF, and the proposed controller for area
a. In the following section, the design process using the
proposed optimization procedures will be introduced. The
tuning of various parameters of LFC is optimally determined.

In this paper, the widely-used Oustaloup method is
employed for representing various fraction order control
methods [28]. The approximatemodel of the operator transfer
function possesses (2M + 1) number of poles/zeros, in which
M is selected to be five. The frequency range for the repre-
sentation of fractional order system is selected in the range
[−1000, 1000] rad/s.

IV. THE PROPOSED OPTIMIZED DESIGN PROCESS
A. THE MPA OPTIMIZER
The proposed design process is based on using the recently
developed MPA optimizer. The MPA is utilized for deter-
mining optimally the various parameters of the proposed
HybFO-TIDF controller. The main operating principle of
MPA is based on searching process of the food strategy
represented by movement of the Levy and Brownie within
surrounding predators in addition to optimal encounters of
modified policies within biological interactions among preys
and predators. The reminding is their associates in addition
to locations of the successful foraging. The MPA procedures
are composed of three different phases according to the ratio
of speed between the preys and predators. In the following,
the explanations and simplified mathematical modelling of
the MPA are introduced.
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1) PHASE NO. 1 AT HIGH RATIO OF SPEED
The speed of preys is assumed to be higher than the speed of
predators. This stage is represented with the first one-third of
the iterations. In which, the preys follow subsequent relations
for modifying their locations. This stage is represented as
follows:

Si = RB × (Elitei − RB × Zi), i = 1, 2, . . . , n (11)

Zi = Zi + P.R× Si (12)

where, R ∈ [ 0, 1] represent a random numbers vector,
P = 0.5, and RB represents the vector of Brownian motion.

2) PHASE NO. 2 AT UNITY RATIO OF SPEED
In this stage, the speed of preys equals to the speed of
predators. This stage is represented with the second one-
third of the iterations. In this stage, the Brownian and Lévy
flight approaches represent the movements types of predators
and preys, respectively. The population in this stage is repre-
sented by two subsections, wherein first subsection uses (13),
and (14). Whereas, (15) and (16) are used in the second
subsection for modifying the locations as following: detailed
operation and principles of the MPAwith mathematical mod-
els have been introduced in [44].

Si = RL × (Elitei − RL × Zi), i = 1, 2, . . . , n/2 (13)

Zi = Zi + P.R× Si (14)

where, RL represents a randomly generated variable through
Lévy distribution.

Si = RB × (RB × Elitei − Zi), i = 1, 2, . . . , n/2 (15)

Zi = Elitei + P.CF × Si (16)

where,

CF = (1−
t

tmax
)2

t
tmax (17)

where, t and tmax represent the current and the maximum
iterations numbers.

3) PHASE NO. 3 AT LOW RATIO OF SPEED
In this stage, the speed of predators is larger than the speed of
preys in contrary to stage No.1. This stage is represented in
the last one-third of the iterations. In which, the modification
of locations is made using the following model:

Si = RL × (RL × Elitei − Zi), i = 1, 2, . . . , n (18)

Zi = Elitei + P.CF × Si, CF = (1−
t

tmax
)2

t
tmax (19)

B. OBJECTIVE FUNCTION AND OPTIMIZATION PROCESS
The MPA is employed for the determination of optimal
parameters in the proposed controller. There are 11 param-
eters in each area, which have to be simultaneously deter-
mined. The parameters of each area include the following
parameters (Kt1, Kt2, Ki1, Ki2, Kd1, Kd2, n1, n2, λ1, µ1, and
Nc1 in area a) and (Kt3, Kt4, Ki3, Ki4, Kd3, Kd4, n3, n4, λ2,
µ2, and Nc2 in area b). Therefore, total of 22 parameters

are required to be determined simultaneously for preserving
optimized determination of the values.

The objective function for the optimization process has to
maintain minimized values for the frequency deviations in
each area ((1fa) of area a and (1fb) in area b in addition
to minimized values of the tie-line power (1Ptie). The four
widely-used error estimation methods are used in the pro-
posed optimization process, including the integral-squared
error (ISE), the integral time-squared error (ITSE), the inte-
gral absolute error (IAE) and Integral time absolute error
(ITAE). The four methods are used to verify the effectiveness
and superiority of proposed controller and optimizer based
on the desired limitations and specifications. They are repre-
sented as follows:

ISE =

ts∫
0

((1fa)2 + (1fb)2 + (1Ptie)2) dt (20)

IAE =

ts∫
0

(abs(1fa)+ abs(1fb)+ abs(1Ptie)) dt (21)

ITSE =

ts∫
0

((1fa)2 + (1fb)2 + (1Ptie)2) t.dt (22)

ITAE =

ts∫
0

(abs(1fa)+ abs(1fb)+ abs(1Ptie)) t.dt (23)

The MPA determines the optimum parameters within the
predefined upper and lower limits of each parameter. The
selected limits for the proposed optimization process are as
follows:

Kmin
t ≤ Kt1,Kt2,Kt3,Kt4 ≤ Kmax

t

Kmin
i ≤ Ki1,Ki2,Ki3,Ki4 ≤ Kmax

i

Kmin
d ≤ Kd1,Kd2,Kd3,Kd4 ≤ Kmax

d

nmin ≤ n1, n2, n3, n4 ≤ nmax

λmin ≤ λ1, λ2 ≤ λ
max

µmin ≤ µ1, µ2 ≤ µ
max

Nmin
c ≤ Nc1,Nc2 ≤ Nmax

c (24)

where, (f )min and (f )max represent the minimum and the max-
imum limit values of each parameter in proposed HybFO-
TIDF controller. In the proposed design approach, Kmin

t ,
Kmin
i , and Kmin

d are set to 0, whereas, Kmax
t , Kmax

i , and Kmax
d

are set to 5. The values of nmin and nmax are selected as 2
and 5, respectively. The values of λmin, and µmin are set to 0,
whereas, λmax , and µmax are selected to be 1. Additionally,
the parameter Nmin

c , and Nmax
c are selected to be 5 and 500,

respectively. Table 3 summarizes the all optimized values of
controllers parameters.

V. SIMULATION RESULTS AND DISCUSSIONS
The performance of the proposed controller and the operation
of the MPA are studied and evaluated using the selected
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TABLE 3. Obtained optimum values of the studied controller parameters for each area based on Fig. 5.

FIGURE 6. Convergence curve ISE at scenario 1 (case 1).

interconnected power system model with considering differ-
ent scenario operations of RESs penetrations and load varia-
tions. The evaluated cases are carried out using theMATLAB/
SIMULINK programming code. The MPA is written in
(.m file) and then it is interfaced with SIMULINK platform
of the tested interconnected power system models to operate
optimization processes. The main control parameters of the
MPA are listed in Table 3. Moreover, the simulation results
of the proposed controller are compared with the TIDF and
HybFO controllers to investigate its superiority in terms of
the percentage overshoot/undershoot in addition to settling
times of frequency deviations following different cases of
disturbances in the different scenarios.

A. SCENARIO 1: LOADING CHANGES
The main objective of this scenario is to investigate the
performance of the proposed HybFO-TIDF controller based
on the MPA for the contribution of EVs in the intercon-
nected power system stability by implementing step-load and
high/low fluctuated loads. The convergence behavior of MPA
is compared with different recent metaheuristic algorithms,
such as genetic algorithm (GA), manta ray foraging optimiza-
tion (MRFO) and artificial ecosystem optimization (AEO).
Whereas, the various optimization algorithms are compared
at the various objective functions, such as ISE, IAE, ITSE and
ITAE. Fig. 6, Fig. 7, Fig. 8 and Fig. 9 show the convergence
curves of the studied optimizers using the ISE, IAE, ITSE and
ITAE methods, respectively. It can be clearly seen that MPA
achieves the smallest error values and exhibits the fastest
convergence under all of the calculated objectives.

FIGURE 7. Convergence curve IAE at scenario 1 (case 1).

FIGURE 8. Convergence curve ITSE at scenario 1 (case 1).

This scenario is divided into three sub-scenarios of step
load change, multiple load step changes and random loading
variations as follows:

1) STUDY CASE 1
In this case, the interconnected power system is tested
against 5% step load changes at the initial time of simula-
tion in area b. The frequency deviations of areas a and b
are depicted in Fig. 10a and Fig. 10b, respectively. These
figures show that the proposed controller provides lower
peak values of the frequency, and the tie-line power devia-
tion compared to the conventional TIDF and HybFO con-
trollers. Moreover, Fig. 10c proves the superiority of the
proposed combination controller. It can make the EVs
discharge quickly the required power at the instant of
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FIGURE 9. Convergence curve ITAE at scenario 1 (case 1).

disturbance and damps the tie-line power variation with low
settling time and minimum overshoot compared to the TIDF
and HybFO controllers as listed in Table 5.

2) STUDY CASE 2
In this case, the interconnected multi-area power system is
subjected to two step-load disturbances, as shown in Fig. 11,
with 5% in area a and 5% in area b at time t = 15s and 90s,
respectively. In order to verify the robustness of the proposed
LFC based on the optimized HybFO-TIDF combination con-
troller, it is compared with the conventional TIDF andHybFO
controllers individually. Fig. 12 shows the system frequency
and tie-line power responses of the proposed system under
the multi-step load changes. It is clear that the proposed com-
bined controller exhibits more stable and rapid performance
in restoring system frequency and tie-line power deviations
compared to the other studied control techniques. It can be
seen that the frequency deviation of the studied intercon-
nected power system at t = 90s with the TIDF controller is
about 0.038 Hz for area a and 0.052 Hz for area b. Whereas,
the studied system with the HybFO controller gives the fre-
quency deviation of about 0.035 Hz for area a and 0.05 Hz
for area b. On the other hand, the proposed combination
HybFO-TIDF control strategy succeeded at maintaining the
frequency deviation with minimum undershoot of 0.01 Hz for
area a and 0.022 Hz for area b during sudden load change.
Furthermore, Fig. 12c shows that the tie-line power oscilla-
tion is damped quickly using the proposed controller com-
pared to other traditional controllers. This, in turn, proves that
the new coordination strategy of HybFO-TIDF combination
controller and EVs delivers a significant amount of power to
adapt the required power of the different sources.

3) STUDY CASE 3
In this case, the multi-area power system is examined under
high random step and ramp load variations in area a, as shown
in Fig. 13a, to investigate the robustness of the proposed com-
binationHybFO-TIDF controller. It can be seen fromFig. 13b
and Fig. 13c that the proposed coordinated strategy of LFC
and EVs power-sharing based-on the optimized combination

FIGURE 10. The dynamic response of system at scenario 1 (case 1).

controller can significantly enhance the system frequency
stability in both areas. The proposed HybFO-TIDF can damp
out the frequency deviations to lower values than the individ-
ual TIDF and HybFO, which has overshoot exceeds 0.1 Hz.
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FIGURE 11. Generation profile for scenario 1 (case 2).

On the other hand, the tie-line power deviation between
the two-area is regulated faster with less overshoot and
undershoot values using the proposed controller compared
to the other controllers as depicted in Fig. 13d. This proves
the superiority of the proposed combination controller in the
interconnected power systems over the conventional individ-
ual controllers in all cases of step load disturbances, multi-
step disturbances and random load changes.

B. SCENARIO 2: RESs DISORDERS
This case is targeted to demonstrate the effectiveness
of the proposed strategy of the parallel combination of
HybFO-TIDF and contribution of EVs on the dynamic
response of the interconnected multi-area power system
under disorders in RESs. The studied system is incurred to
the intermittent nature and fluctuations of RESs, such as
wind and PV generations. The two sources are classified as
the important components of interconnected power systems,
especially in microgrids. In this scenario, the suggested coor-
dination of LFC and EVs using the optimized HybFO-TIDF
controller based on MPA is tested under a severe condition of
load and RESs variations. In which, the PV generation unit is
inserted to the interconnected power systems at time= 10s at
area b, wind generation unit is inserted at time = 70s at area
a, and a sudden step-load of 5% at time = 40s at area b is
inserted as shown in Fig. 14.

It is clear from Fig. 15 that utilizing the conventional TIDF
and HybFO controllers can restore the system frequency and
the tie-line power deviations but with long settling time and
high overshoot and undershoot values of more than ±0.1Hz
at the instants of PV and wind connections. However, the pro-
posed technique succeeded in damping out the frequency
deviations to values less than 0.05Hz and 0.04Hz in areas
a and b, respectively. As well, the tie-line power is varied
to be less than 0.02p.u at wind integration. This case proves
the merits of the combined HybFO-TIDF controller as the
FO integral, and the derivative terms have the ability to
reduce settling time with the proposed controller. In addition,

FIGURE 12. System dynamic responses at scenario 1 (case 2).

combining the FO derivative term to the integral term result in
the enrichment of TIDF controller with higher DoF than the
integral, and the derivative terms. Moreover, it has become
obvious that the proposed controller based on the MPA
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FIGURE 13. System response with the optimized controllers at scenario 1 (case 3).
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FIGURE 14. Generation and load profiles for scenario 2.

technique enables proper cooperation among the LFC and the
EV systems. The generated powers in area a and area b for
this scenario are shown in Fig. 16 and Fig. 17, respectively.
It can be seen from these figures that each area has increased
its generation to cover its load demand in order to regulate the
tie-line power at zero value.

C. SCENARIO 3: HIGH RESs PENETRATION
In order to investigate the performance of the system with
extreme change in the studied system, it is operated under
the situation of high penetration levels of RESs. Wherein,
the PV generation is connected from initial time of simulation
at area b, wind generation is connected at time = 80s at
area a, wind generation is connected at time = 40s at area b,
and 5% of step load from the initial time in both areas a
and b as shown in Fig. 18a. It can be seen from Fig. 18b and
Fig. 18c that the proposed combined HybFO-TIDF controller
demonstrates superior dynamic performance compared with
the other traditional TIDF and HybFO controllers in terms
of a perceptible reduction in settling time, undershoot, and
overshoot. It is also observed that the proposed controller
enables the EVs to cooperate in injecting sufficient power
to the system so as to obtain fast and stable performance as
depicted in the tie-line power waveform of Fig. 18d.Whereas,
the TIDF and HybFO controllers do not have the capability to
deliver the same amount of power to the system and it needs to
compensate the lack of power from the thermal or hydraulic
generation units.

D. SCENARIO 4: RESs DISORDERS AND SYSTEM
UNCERTAINTIES
For real-time applications, the robustness of the proposed
parallel combination of HybFO-TIDF controller is analyzed
for the interconnected power system with system parame-
ters uncertainties. In this scenario, the studied power sys-
tem is operated at the same conditions of scenario 2 with
35% reduction of system inertia and with varying all sys-
tem parameters with the same percentage. This scenario is

FIGURE 15. System dynamic response at scenario 2.

performed to verify the stability of power systems under
different uncertainty conditions. Fig. 19 shows the dynamic
responses of the studied system in terms of both of the fre-
quency and the tie-line power fluctuations. It can be noted
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TABLE 4. Comparative analysis of Performance indices for the different cases study.

TABLE 5. Settling times (ST), maximum undershoots (MU), and maximum overshoots (MO) at various studied scenarios.

FIGURE 16. Power generations of area a at scenario 2.

that the conventional TIDF and HybFO controllers fail to
damp out the high overshoot of the frequency deviations,
which exceed the allowable limits (±0.1 Hz). However,

FIGURE 17. Power generations of area b at scenario 2.

the proposedHybFO-TIDF controller makes the coordination
of LFC and EVs capable of achieving improved frequency
regulations as well as the tie-line power control. Therefore,
the proposed combined controller has a robust performance
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FIGURE 18. System response with the optimized controllers at scenario 3.
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FIGURE 19. System dynamic response with system parameters variations
at scenario 4.

with the coordination of LFC and contribution of EVs. Fur-
thermore, the proposed controller has the ability to perform
LFC action efficiently in case of different disturbances and
uncertainties, which are very common in the actual operation
of an interconnected multi-area power system.

VI. PERFORMANCE COMPARISON
Different performance indices are calculated for the stud-
ied controllers as tabulated in Table 4. The comparison
includes ISE, IAE, ITSE and ITAE values for the different
studied cases. Table 4 shows that the proposed controller
can achieve improved values for all calculated performance
indices in various system scenarios. Moreover, the evalu-
ated performance indices illustrate the superiority of the pro-
posed controller over the traditional controllers. For example,
in scenario 1 (case 1), the ISE values are 0.0052, 0.0034 and
0.00080721 for the TIDF, HybFO, and proposed HybFO-
TIDF controllers, respectively. It can be also observed that
the calculated ISE values under the proposed control method
is 15.52%, and 23.74% of the ISE values under the TIDF,
and HybFO controllers, respectively. Furthermore, the IAE
values are 0.2665, 0.1941 and 0.1022 for the TIDF, HybFO
and proposed control, respectively. Whereas, the IAE values
for proposed control are 38.35%, and 52.65% of the IAE
values with TIDF, and HybFO controllers, respectively. The
situation is the same for the ITSE and ITAE. To sum up,
the proposed controller achieves the best performance indices
compared to the other addressed controllers. These perfor-
mance indices prove the superiority of the proposed controller
in all the studied scenarios at various performance objectives.

VII. CONCLUSION
In this paper, a new combination of fractional-order con-
trol systems is proposed for two-area interconnected power
systems. The proposed controller combines TIDF and
HybFO controllers to improve power system stability during
frequency and tie-line power fluctuations. The proposed con-
troller achieved the following benefits:
• A two-degree of freedom (2-DOF) controller has been
proposed by combining the merits of both controllers
(HybrFO and TIDF). The first feedback signal uses the
ACE, which enables the proposed controller to miti-
gate the low-frequency oscillations.Whereas, the second
feedback signal uses the frequency deviation, which
is being responsible for mitigating the high-frequency
signal.

• An optimized design algorithm for the controller param-
eters is achieved by using the new recent MPA algo-
rithm, which enables the simultaneous determination
of the optimum control parameters. The used MPA in
designing the controller parameters presents the best
convergence rate in all error estimation methods com-
pared to the other optimization algorithms, such as GA,
MRFO and EOA algorithms.

• The coordination of the power system generations and
installed EVs is achieved to incorporate additional func-
tionalities for future extensions of EVs in electrical
power systems.

• The obtained results of the studied system with high
penetration levels of RESs confirm the superiority of
the proposed combined controller and the designmethod
over the traditional addressed methods.
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• Compared to traditional TIDF controllers, the proposed
controller and design algorithm achieve 15.52%, and
38.35% of the ISE and IAE values. Additionally, the pro-
posed controller has 23.74%, and 52.65% of the ISE and
IAE values under the HybFO controller, respectively.
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