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ABSTRACT Multi-area power systems inhere complicated nonlinear response, which results in degraded
performance due to the insufficient damping. The main causes of the damping problems are the stochastic
behavior of the renewable energy sources, loading conditions, and the variations of system parameters.
The load frequency control (LFC) represents an essential element for controlling multi-area power systems.
Therefore, the proper design of the controllers is mandatory for preserving reliable, stable and high-quality
electrical power. The controller has to suppress the deviations of the area frequency in addition to the tie-line
power. Therefore, this paper proposes a new frequency regulation method based on employing the hybrid
fractional order controller for the LFC side in coordination with the fractional order proportional integral
derivative (FOPID) controller for the superconducting energy storage system (SMES) side. The hybrid
controller is designed based on combining the FOPID and the tilt integral derivative (TID) controllers.
In addition, the controller parameters are optimized through a new application of the manta ray foraging
optimization algorithm (MRFO) for determining the optimum parameters of the LFC system and the SMES
controllers. The optimally-designed controllers have operated cooperatively and hence the deviations of the
area frequency and tie-line power are efficiently suppressed. The robustness of the proposed controllers is
investigated against the variation of the power system parameters in addition to the location and/or magnitude
of random/step load disturbances.

INDEX TERMS Fractional order controller, load frequency control, manta ray foraging optimization, multi-
area power systems, renewable energy sources, superconducting energy storage systems.

I. INTRODUCTION
Worldview change toward more practical power systems
has increased the concerns of renewable energy genera-
tions. Currently, renewable energy covers about 14% of the
load demand around the world [1]. Lately, high penetra-
tion levels of renewable energy sources (RESs) have been
installed in electrical power systems. Although, these RESs
are continuously fluctuating, and their output power is highly
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dependent on the environmental conditions, such as ambient
temperature, solar irradiance, wind speed, etc. In addition,
the connected electrical loads are stochastic and the electrical
power demand is continuously changing. Therefore, perpet-
ual imbalance among the load demand and the generated
power is always existing in the interconnected power systems,
which affects the system stability and leads to deviations
in the area frequency and fluctuations in the tie-line power
beyond the scheduled values [2].

Modern control and operation of power systems are
developed based on a decentralized pattern instead of the
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traditional centralized systems. Load frequency con-
trol (LFC) of the interconnected multi-area power systems
represents the main part of the automatic generation con-
troller (AGC). The LFC is responsible for regulating the
generated electrical power to mitigate the load demand vari-
ations, parametric uncertainties, RESs fluctuations, transient
disturbances of the plant, etc. The preliminary control activ-
ities of the LFC are performed through the speed governor.
However, it does not represent enoughmean to precisely miti-
gate the consistent oscillations due to the imbalance between
the generation and the demand loads. Thence, supplemen-
tary controllers are required to keep the steady state area
frequency deviations and tie-line power at zero values [3].

In the literature, several featured intelligent techniques
have been proposed for LFC functionality, such as the robust
control systems [4], [5], internal model controllers (IMC) [6],
sliding mode controllers [7], adaptive controllers [8], intel-
ligent control systems [9], linear matrix inequalities con-
trollers [10], etc. In addition, fuzzy logic controllers [11],
variable structure controllers [12], model-predictive con-
trollers [13], disturbance rejection controllers have been also
proposed for performing various LFC functions [14]. More-
over, data-driven controllers have been proposed for the
cooperative control of area frequency in multi-area power
systems [15]. In data-driven controllers, the control criterion
is directly optimized based on the measured system response.
In [16], a reinforcement learning algorithm is presented with-
out the necessity for full communication among the con-
trollers while achieving cooperative control action. As well,
deep reinforcement learning algorithms have been introduced
for single area power systems [17]. However, they require
more complex computations, data learning procedure, and
expert knowledge.

Although intelligent control strategies can successfully
handle the frequency stability problems, they exhibit several
limitations linked to the increased computational complex-
ity, and the requirement for deep learning procedure and
powerful inference tool. Thence, several industrial applica-
tions are still utilizing many classical linear and nonlin-
ear control methods, which have been employed for LFC
function in electrical power systems due to their simplicity
in structure and their economical cost compared to other
control techniques [18]. The main control structures are the
integral, proportional integral (PI) controller, proportional
integral derivative (PID) controller, PID with the derivative
filter (PIDF) [19], [20], two-degree-of-freedom PID (2-DoF-
PID) controller [21], cascaded PD-PID controller [22], PID
with second order derivatives (PID2D) controller [23], fuzzy-
logic PI (FL-PI), fuzzy-logic PID (FL-PID) [24], neuro-fuzzy
based controllers [25], and linear active disturbance rejection
control (LADRC) [26].

Recently, the tilt integral derivative controller (TID) has
been addressed to LFC. Its transfer function is more closely to
the optimal one, where improved feedback is achieved [27].
The derivative part in TID ensures the fast response of the
controller and improves the system stability.Moreover, a high

pass filter is equipped with the derivative term to reduce
the effect of any input noise on system stability [28].
Moreover, the fractional order (FO) based controllers have
been also presented in the literature including the frac-
tional order PID (FOPID) [29], fuzzy fractional order PI and
PD controller (FL-FOPI-FOPD) [30], fuzzy with FOPIDF
(FL-FOPIDF) [31], combined fuzzy PIDF and FOI (FL-
PIDF-FOI) [32], hybrid [27], etc. Hence, the family of PID
controller, FO, and their extensions based expanded con-
trollers are widely preferred in LFC thanks to their simplicity,
robustness, and efficiency. Moreover, they have shown an
improved dynamic performance regarding reference to the
tracking and disturbance rejection functions. In addition, this
family of controllers can provide an optimized and powerful
response for wide operating ranges for various processes,
including nonlinear and stable/unstable processes. However,
these types of controllers are more sensitive to system uncer-
tainties, especially with the recent situation of modern power
systems, which become more severe when considering sys-
tem uncertainties, physical limitations, and fluctuations of
RESs and load variations. The stable and efficient opera-
tion of the LFC is determined by adequate selection for the
controller parameters. Therefore, it is crucial to design the
optimal parameters of PID, FO controllers and their families
to be able to withstand any system variations.

The complexity of the design process of the controller
parameters is depending on the design procedures among
the existing tuning techniques. Normally, the controller
parameters can be set by either classical methods, artificial
intelligence methods or meta-heuristic optimization algo-
rithms [33]. In the classical methods, the design of the opti-
mal controller parameters is based on using complex mathe-
matical models and calculations, which adds more difficul-
ties for the design process. In artificial intelligence-based
methods, the design process depends on the training data
and analysis for determining the optimal parameters of the
controller. From another side, the meta-heuristic based algo-
rithms have found great concerns for determining the opti-
mal controller parameters through proper tuning of various
parameters [20], [34].

Several optimization algorithms have been presented in
the literature, wherein the classical genetic algorithm (GA)
and particle swarm optimization (PSO) methods are the
most widely applied techniques [33]. Many other techniques
have been reported in the literature, such as salp swarm
algorithm (SSA) [34], differential evolution (DE) [20], fire-
fly algorithm (FA) [35], teaching learning-based optimiza-
tion (TLBO) [21], ant-lion optimizer algorithm (ALO) [23],
imperialist competitive algorithm (ICA) [36], etc. In addi-
tion, hybrid and combined optimization techniques have
been addressed in the literature for designing the con-
troller parameters. However, some of these algorithms suf-
fer from long elapsed time, stagnation, and being very sen-
sitive to their parameters. Others can successfully present
a good performance as their objective functions have the
capability of weighting the output signals in different
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objectives simultaneously. However, they suffer from long
computational time and need frequent iterations to assure
solution convergence.

Recently, the continuous development of computational
swarm optimization algorithms exemplifies great motivation
for the authors to apply the new manta ray foraging opti-
mization algorithm (MRFO) for determining the optimum
parameters of the LFC and the SMES controllers. MRFO
is a novel optimization algorithm that has been originally
developed in [37]. The MRFO has many advantages over
other swarm algorithms, such as: (i) Ability to avoid the trap
in local minima, (ii) Higher accuracy, (iii) Achieving fast
convergence characteristics, (iv) Lower computational cost
and higher performance, (v) lowest control parameters to be
adjusted. To the best knowledge of the authors, the MRFO
algorithm has not been applied so far for the LFC problem
of an interconnected power system. Therefore, this work
utilizes, for the first time, the MRFO to optimally design the
proposed controllers.

It is clear from the above discussion that several control
structures with different optimization techniques have been
addressed in the literature, and the dynamic performance of
the LFC is dependent on the optimization technique, and
the controller structure as well. Moreover, the effect of the
combination of the (FOPID) and the tilt integral deriva-
tive (TID) controllers has not been tackled in the literature
for LFC. In this context, this paper proposes a new frequency
regulation controller based on the hybrid FOPID-TID con-
troller for the LFC side in coordination with the FOPID
controller for SMES side in a multi-area power system. This
new application of the hybrid controller has cooperated with
the aid of SMES as an energy storage source based on the
FOPID controller to smoothly damp out the deviations of the
areas frequencies and tie-line power. In addition, the MRFO
is used to tune all controller parameters in each area. the
main contribution of this paper can be summarized as
follows:
• A new frequency regulation method using the hybrid
controller is proposed for the LFC side in this paper,
which is based on the combination of FOPID and TID
controllers.

• An enhanced cooperation is proposed between the pro-
posed hybrid controller for LFC and the FOPID con-
troller for the SMES as an energy storage source to
smoothly mitigate the areas frequency deviations and
the-line power fluctuations.

• A new application of the MRFO method for tuning the
proposed hybrid controller and the SMES controller is
proposed. The proposed method eliminates the need for
large training data and complex mathematical calcula-
tions.

• A new employment of the hybrid controller in the LFC
loop in an interconnected power system as well as the
utilizing of the MRFO to select the parameters of the
cooperative hybrid and SMES FOPID controllers are
presented in the paper.

The remaining of the paper is organized as follows;
Section II presents the mathematical modelling of the
selected two area power system and the modelling of the
RESs and SMES system. Section III introduces the fractional
order mathematical modelling and the proposed hybrid con-
troller. The optimization problem and the proposed MRFO
method details are presented in Section IV. Section V pro-
vides the obtained simulation results of the two are power
system. The discussions and the performance comparison are
presented in Section VI. Finally, Section VII provides the
conclusion of the paper.

II. MATHEMATICAL MODELLING OF THE STUDIED
MULTI-AREA POWER SYSTEM
In order to validate the effectiveness of the proposed con-
troller, a two-area, namely area a and area b, an intercon-
nected power system model is considered as a case study.
Fig. 1 shows the schematic diagram of the studied system
and the main components in each area. Area (a) consists
of a thermal power plant, wind energy unit, SMES storage
unit, and local loads. Whereas, area (b) includes a hydraulic
power station, PV energy unit, SMES storage, and local
loads as well. Throughout the abnormal conditions, the fre-
quency deviations between the two areas are used to derive
the exchanged tie-line power between the two-area power
system. The proposed hybrid controller has to handle both
the frequency deviation in each area in addition to the tie-
line power exchange to overcome the power mismatch and
to enhance system stability. Moreover, the studied system
contains SMES energy units for further improving the fre-
quency stability by providing the virtual inertia emulation
functionality in the studied system. Fig. 2 shows the dynami-
cal modelling of the various elements in the studied two-area
power system. All the parameters of the studied system are
provided in Table 1 according to the provided system data
in [38].

The transfer function of the thermal power plant governor
Gg(s) and the turbineGt (s) for area a are modelled as follows
in [39]:

Gg(s) =
1

Tgs+ 1
(1)

Gt (s) =
1

Tts+ 1
(2)

The general transfer function of hydro turbine is comprised
of governor, droop compensation and penstock turbine. It can
be represented as follows in [38]:

Gh(s) =
1

T1s+ 1
.
TRs+ 1
T2s+ 1

.
−Tws+ 1
0.5Tws+ 1

(3)

whereas, the microgrid power system transfer functionGpx(s)
is modeled as follows in [39]:

Gpx(s) =
1

2Hxs+ Dx
(4)

where, x denotes to the studied area (where x ∈ {a, b}). The
transfer function of the wind generationGWT (s) for area a and
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FIGURE 1. Single line diagram of the studied two-area interconnected power system case study.

FIGURE 2. The overall structure and system modelling of the studied two-area interconnected power system.
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TABLE 1. Main parameters for the studied system (x ∈ {a, b}), [38].

the PV generation GPV (s) for area b are modelled as follows
in [39]:

GWT (s) =
KWT

TWT s+ 1
(5)

GPV (s) =
KPV

TPV s+ 1
(6)

In the studied system, amore practical SMESmodel is con-
sidered based on the presented model in [39]. The different
parameters and symbols definitions are included in Table 1
for the various elements in the two-area system. In the
analysis, the equivalent tie-line power deviation 1Ptie,eq is
employed to consider the total equivalent tie-line power devi-
ations of the HVDC tie-line 1Ptie,dc and the HVAC tie-line
1Ptie,ac. The thermal unit has a generation constraint GRC
of 10%/min and the hydro unit has 270%/min for rising
and 360%/min for lowering generation as considered in the
literature in [38].

The various models are combined in order to provide a
complete representation of the studied system. In which,
the various models of the generation and load demands are
utilized for deriving dynamic equations of the considered case
study. Afterward, the state-space model for describing the
studied power system is considered. In the state-space model,
x, y, ω and u denote the vectors that represent the system
state variables, output states, various disturbances, and the
control variables, respectively. The control variables of the
studied system include theACE signals in the two-area (ACEa
and ACEb), in addition to the output power deviation of
the two considered SMES devices (1PSMESa and 1PSMESb ).
Whereas, A, B1, B2, and C denote to the corresponding
parameters matrices for the linearized state-space model of
the system. The state-space model and parameters can be

represented as follows (7)–(14), shown at the bottom of the
next page.

III. THE PROPOSED FO HYBRID
CONTROLLER STRUCTURE
A. FRACTIONAL ORDER CALCULUS
The recent advancements in the fractional order calculus have
enabled researchers and designers to utilize fractional order
operators in several fields [40], [41]. Particularly, more pre-
cise modelling and/or controller design of processes can be
achieved in various applications of control engineering. The
fractional operators can lead tomore robustness and increased
applicability in the controller design. The utilization of the
integral and/or differential based fractional operators instead
of integer order operators has provided more flexibility in the
controller design process.

In general, the FO operator is represented by t0D
α
tf , where,

t0 and tf represent the time limits for calculating the operator,
and α denotes to the order for the FO operator [42]. The FO
operator can take several forms as follows:

t0D
α
tf =


α > 0 →

dα

dtα

α < 0 →
∫ tf

t0
dtα

α = 0 → 1

(15)

Several approaches can be employed for designing the
FO integral and differentiator operators. The main meth-
ods for defining FO operators are the Riemann-Liouville,
Caputo, and Grunwald-Letkinov methods [40]. The time
domain-based implementations for FO operators require
complicated mathematical calculations. In this context, sev-
eral approximate representations have been introduced, such
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as Oustaloup, Carlson, Matsuda, Chareff, and the contin-
ued fractional expansion [43]. These approximation meth-
ods can represent the FO operators/transfer functions with
integer-based operators/transfer functions. In this work,
the Oustaloup approximation method is utilized for repre-
senting the FO operators. In the proposed design method,
the design of band-pass filter is proposed for certain fre-
quency range [ωfbl, ωfbu] , where ωfbl and ωfbu are the lower

and upper values of the frequency bounds, respectively. The
approximate transfer function for sλ with λ ∈ < is expressed
by integer order equivalent transfer functions with poles,
zeros, and gains as follows [42]:

sλ ≈ K
M∏

k=−M

s+ ωz
k

s+ ωp
k

(16)

ẋ = Ax + B1ω + B2 u (7)

y = Cx (8)

x =
[
1fa 1Pga 1Pga1 1PWT 1fb 1Pgb 1Pgb1 1Pgb2 1PPV 1Ptie,eq

]T (9)

ω =
[
1Pla PWT 1Plb PPV

]T (10)

u =
[
ACEa 1PSMESa ACEb 1PSMESb

]T (11)

A =



−
Da
2 Ha

1
2 Ha

0
1

2 Ha
0 0 0 0 0 −

1
2 Ha

0 −
1
Tt

1
Tt

0 0 0 0 0 0 0

−
1

RaTg
0 −

1
Tg

0 0 0 0 0 0 0

0 0 0 −
1

TWT
0 0 0 0 0 0

0 0 0 0 −
Db
2 Hb

1
2 Hb

0 0
1

2 Hb

1
2 Hb

0 0 0 0
2 TR
RbT1T2

−
2
Tw

2T2 + 2Tw
T2Tw

2TR − 2T1
T1T2

0 0

0 0 0 0 −
TR

RbT1T2
0 −

1
T2

T1 − TR
T1T2

0 0

0 0 0 0 −
1

RbT1
0 0 −

1
T1

0 0

0 0 0 0 0 0 0 0 −
1
TPV

0

2πTtie,eq 0 0 0 −2πTtie,eq 0 0 0 0 0



(12)

B1 =



−
1

2 Ha
0 0 0

0 0 0 0
0 0 0 0

0
KWT
TWT

0 0

0 0 −
1

2 Hb
0

0 0 0 0
0 0 0 0
0 0 0 0

0 0 0
KPV
TPV

0 0 0 0



, and B2 =



0 −
1

2 Ha
0 0

0 0 0 0

−
1
Tg

0 0 0

0 0 0 0

0 0 0 −
1

2 Hb
0 0

2 TR
T1T2

0

0 0 −
TR
T1T2

0

0 0 −
1
T1

0

0 0 0 0
0 0 0 0



(13)

C =


1 0 0 0 0 0 0 0 0 0
Ba 0 0 0 0 0 0 0 0 1
0 0 0 0 1 0 0 0 0 0
0 0 0 0 Bb 0 0 0 0 −1

 (14)
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ωz
k = ωfbl(

ωfbu

ωfbl
)
k+M+ 1−λ

2
2M+1 (17)

ω
p
k = ωfbl(

ωfbu

ωfbl
)
k+M+ 1+λ

2
2M+1 (18)

K = (
ωfbu

ωfbl
)
−λ
2

M∏
k=−M

ω
p
k

ωz
k

(19)

where, ωp
k and ωz

k represent the poles and zeros for the
sequence k . The approximate transfer function of the FO
operator contains (2M + 1) number of poles and zeros. In the
current study, the order of Oustaloup method is selected
(M = 5) with frequency range of ω ∈ [ωfbl, ωfbu] and it
is selected in the range of [−1000, 1000] rad/s.

B. FRACTIONAL ORDER CONTROLLERS
In general, integer PID controllers are widely employed for
several industrial applications due to their simple design and
structure. Fig. 3a shows the block diagram of integer type
PID controller. The transfer function of PID controller can
be represented as follows:

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

Ki
s
+ Kd s (20)

where, Kp, Ki and Kd denote to the proportional, integral
and differential gains for the PID controller. Although the
integer PID controllers provide simple solutions, they are sub-
jected to lose their high performance in case of disturbances.
Therefore, concerns have been directed to various robust
and intelligent controllers for LFC systems. From another
side, the FO versions of PID controllers have attracted much
concerns. Fig. 3b shows the block diagram of the FOPID
controller. The transfer function of FOPID controller can be
represented as following:

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

Ki
sλ
+ Kd sµ (21)

where, λ, and µ represent the FO operators and they are
often tuned in the range of [ 0, 1] . The FOPID controllers
have shownmore flexibility and wide range dealing of distur-
bances. FOPID controllers can simultaneously handle several
multi objectives for wide dynamic operating range compared
to integer-based PID controllers.

Additionally, another version of FO controllers has been
utilized in the literature using the tilt integral derivative (TID)
controller. The mathematical model of the TID controller can
be represented as follows:

C(s) =
Y (s)
E(s)
= Kt s−(

1
n ) +

Ki
s
+ Kd s (22)

where, n denotes to FO operator for the tilt component.
The tilt component can provide more simple tuning pro-
cess, enhancement of disturbance rejection capability and
improved robustness to parameters uncertainty.

FIGURE 3. The block diagram of existing FO and the proposed LFC hybrid
controller.

C. THE PROPOSED FREQUENCY REGULATION
CONTROLLER
The proposed frequency regulation method is based on
employing hybrid FO controller for the LFC in coordination
with FOPID controller for the SMES system. The determi-
nation of the optimized controller parameters for both con-
trollers in the two-area can effectively enhance the frequency
regulation of the system. The proposed LFC controller is
based on the hybrid FO controller, which combines the fea-
tures of the FOPID controller with the TID controller. The
proposed LFC hybrid controller combines the FO integral
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FIGURE 4. The procedures for determining the optimal controller
parameters in the proposed MRFO method.

and derivative terms from the FOPID controller with the
TID controller. The FO integral and derivative terms result in
improving the system stability in addition to its robustness.
Moreover, the two terms are advantageous at reducing the
settling time of the controller during disturbances. Adding
the FO derivative and integral terms would result in enriching
the TID controller with more degree-of-freedom than its
integer integral and derivative terms. Therefore, a hybrid con-
troller is proposed in order to benefit from the features of the
TID and FOPID controllers. Themathematical representation
of the proposed LFC method based on the hybrid controller
is represented as follows:

C(s) =
Y (s)
E(s)
= Kt s−(

1
n ) +

Ki
sλ
+ Kd sµ (23)

Fig. 3d shows the block diagram of the hybrid TID-FOPID
controller. It can be seen that there are six different tunable
parameters in the hybrid controller. Proper tuning process is
required for the controller parameters to optimize the system
performance. The recent advanced optimization methods are
employed for simultaneously determining the optimal param-
eters of frequency regulation controllers. In the following
sections, the designed objective function and the proposed

optimization method are introduced for both the SMES and
LFC controllers in the two-area system.

IV. THE PROPOSED OPTIMIZATION METHOD
A. THE OPTIMIZATION PROBLEM
The design process of the various controllers in the intercon-
nected power systems faces several challenges of the future
high penetration levels of RESs and system uncertainties
that increase the multi-area frequency deviations and tie-line
power flow fluctuations. In order to effectively damp out
these fluctuations and to enhance the system performance,
the hybrid controller is proposed in this paper as a secondary
controller for areas a and area b. In addition, the FOPID is
used as a controller for (SMESa) and (SMESb) devices to
accurately monitor the system load variations and promote
the operation of the thermal and hydraulic generating units as
shown in Fig.2. The frequency deviations of area a (1fa) and
area b (1fb) represent the input signals to these controllers.
Thus, there are two different controllers in each area to assure
a more secure operation for the interconnected power system
with considering the high penetration of the RESs. This in
turn shows that there are more than 20 parameters of the
hybrid controller in the LFC loop and the SMES controller,
which need to be precisely selected. Therefore, this study
employs the recently developed MRFO algorithm to opti-
mally tune the SMES controller parameters (kpi− kIi− kdi−
µ− λ), and the LFC parameters (kti − kIi − kpi − n) in each
area. Moreover, the issue of utilizing a hybrid HVAC/HVDC
tie-line is also considered in the proposed multi-area system.
Fig. 4 illustrates the procedures for determining the optimal
parameters using theMRFOmethod. To properly enhance the
power system performance, a proper selection of the objective
cost function is required to maintain the system dynamics.
There are many classical cost functions, which have been
used in the literature such as integral squared error (ISE), inte-
gral time squared error (ITSE), integral-absolute error (IAE),
the integral time absolute error (ITAE), etc [44]. In this paper,
the ISE is selected as a single objective function to determine
the optimum parameters of the proposed controllers. The ISE
represents the most widely adopted cost function in literature
due to its simplicity in calculation [45].Moreover, the ISE cri-
teria provides minimum overshoot and shows a fast response
in comparison to the other integral errors due to the use of
larger square values to eliminate negative error components.
In addition, large errors can be penalized compared to smaller
ones by using the ISE objective function. Therefore, the ISE
criteria is utilized to optimize the parameters of the proposed
controllers as:

CostFunction = minimize(ISE) = Jmin

=

ts∫
0

{(1fa)2 + (1fb)2 + (1Ptie,eq)2} (24)

where, T is the range of simulation time,1fa is the frequency
change in area a, 1fb is the frequency change in area b,
and 1Ptie,eq is the power change in tie-line connecting areas
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FIGURE 5. The flowchart of the MRFO method for minimizing the objective function.

a and b. To minimize the cost function J , the proposed con-
trollers’ parameters are subjected to the following constraints:

Kmin
p ≤ Kp ≤ Kmax

p

Kmin
i ≤ Ki ≤ Kmax

i

Kmin
d ≤ Kd ≤ Kmax

d

Kmin
t ≤ Kt ≤ Kmax

t

0 ≤ λ, µ ≤ 1

2 ≤ n ≤ 10 (25)

where, theminimum andmaximum limits of the proportional,
integral, derivative and tilt gains are selected in the proposed
method in the range of [0, 10], respectively.

B. THE MANTA RAY FORAGING OPTIMIZATION
ALGORITHM (MRFO)
A metaheuristic optimization method has been presented
based on the manta ray foraging optimizer (MRFO), which
is inspired by the foraging strategy and followed by the
manta rays within catching their preys [37]. This optimization
method has three main foraging operators; namely, chain,
cyclone and the somersault foraging. During the chain for-
aging stage, the manta rays takes into consideration the high
concentration plankton represents the desired objective (the
best targeted solution) [46]. Thence, they are lined up to form
the foraging chain. Wherein, every individual moves towards
the food and manta rays in its front, the update process for
each individual is achieved by the obtaining best solution dur-
ing each iteration, and obtaining the solution for the one that

VOLUME 8, 2020 213907



E. A. Mohamed et al.: Optimized Hybrid FO Controller for Frequency Regulation in Multi-Area Power Systems

is in front of current individual. In MRFO method, the chain
foraging process is mathematically modelled as follows [47]:

x t+1i =

{
x ti+r .(x

t
best−x

t
i )+α(x

t
best−x

t
i ), i = 1

x ti+r .(x
t
i−1−x

t
i )+α(x

t
best−x

t
i ), i = 2 : N

(26)

where, x ti represents the i
th individual position for the itera-

tion t; r denotes to random vector; x tbest represents the best
solution for the t th iteration, N represents the manta rays
number, and α denotes to the weighting coefficient, which
can be determined as following:

α = 2× r ×
√
| log(r)| (27)

Based on (26), the position is estimated for the all the ith

individuals, except the first individual, with the position of
both the (i−1)th individual and the best individual x tbest . After
the manta rays determine the position of plankton patch, they
are combined to from the chain and they swim towards prey
in spiral shape. Besides, individuals swim towards their front
side manta ray, which is followed by cyclone foraging stage.
The above-mentioned movements can be mathematically
formulated as follows [47]:

x t+1i = xbest + r .(x ti−1 − x
t
i )+ e

bω. cos(2πω).(xbest − x ti )

yt+1i = ybest + r .(yti−1 − y
t
i )+ e

bω. cos(2πω).(ybest − yti )

(28)

where, ω represents random number. Whereas, the stage of
cyclone foraging is represented as following:

x t+1i =

{
xbest+r .(x tbest−x

t
i )+β(x

t
best−x

t
i ), i = 1

xbest+r .(x ti−1−x
t
i )+β(x

t
best−x

t
i ), i = 2 : N

(29)

where, β denotes to weighting factor, which can be deter-
mined as following:

β = 2er1 (
T − t + 1

T
). sin(2πr1) (30)

where, t represents the current iteration, T denotes to max-
imum number of the iterations, and r1 is a random number.
Improved exploitation can be achieved by cyclone foraging
stage for determining best region of the solution due to that all
the existing manta rays contribute in the food searching pro-
cess according to their reference position. In addition, another
enhancement of the exploitation processes can be obtained
in this process by forcing individuals to the search process
for new positions that are located far away from the current
best position. Performing this action can be made through the
assignment of a random position within the searching space
as following [46]:

xrand = Lb+ r .(Ub− Lb) (31)

x t+1i =

{
xrand+r .(x trand − x

t
i )+ β(x

t
rand − x

t
i ), i = 1

xrand+r .(x ti−1 − x
t
i )+ β(x

t
rand − x

t
i ), i=2 : N

(32)

where, Ub and Lb represent upper and lower limits for the
variables of the problem, xrand denotes to random position

FIGURE 6. Convergence curve at scenario 1.

that is assigned for searching space. The last stage in the
MRFO method is the somersault foraging, wherein food is
recognized as hinge. During this stage, each of the manta rays
tends to perform swimming backward and forward around
the food hinge, and then tumbling to the new position. The
mathematical expression of this process can be performed as
following [47]:

x t+1i = x ti + S.(r2.− r3.x
t
i ), i = 1, 2, . . . ,N (33)

where, S represents the somersault factor that is employed
for deciding the somersault range of manta rays, and r2 and
r3 represent random numbers. By referring to (28), individ-
uals can move towards any position within searching space
between the current position and the symmetrical position
around the food hinge. The conversion process to optimal
solution is achieved through reducing the distance among
the position of manta rays and the best position. Therefore,
the range of somersault foraging is reduced in adaptive man-
ner during iterations. Fig. 5 summarizes the followed steps in
the MRFO method for the minimization process.

V. SIMULATION RESULTS
A. SCENARIO 1: LOAD STEP CHANGE
The first scenario is conducted to evaluate the performance
of the proposed hybrid controller for the studied multi-
area power system using the controller parameters listed
in Table. 2. A 10% step load change at the time 15 s is applied
to area awithout the presence of any RESs in both areas. The
convergence curve of the objective function (ISE) based on
MRFO is shown in Fig. 6. The results of frequency deviation
in both areas a, b are shown in Fig. 7a and Fig. 7b, respec-
tively. As shown in these figures, the frequency deviation
curve varies considerably while the PID controller is used.
Although The PID damps out system oscillations, however,
it cannot restore the steady state frequency to its original
value. Moreover, the TID and FOPID controllers damp out
the frequency fluctuations of area a within about 40 s to 50 s
time period with relatively high overshoot and undershoot.
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TABLE 2. Optimal coefficients of the controllers by using MRFO.

FIGURE 7. System response with the optimized controllers at scenario 1.

Whereas, the proposed hybrid controller alleviates the fre-
quency oscillations within about 18 s, which is being a shorter
period compared to the previous ones. Furthermore, the pro-
posed hybrid controller has the lowest oscillation of tie-line
power compared to other controllers as shown in Fig. 7b.
From the results, it is clear that the hybrid controller exhibits
more satisfactory performance than PID, TID, and FOPID
controllers in terms of ISE, settling time, and overshoot.

FIGURE 8. Convergence curve at scenario 2.

B. SCENARIO 2: IMPACT OF RESs FLUCTUATIONS
In addition to the load disturbance, the RESs nature fluctu-
ations can possess detrimental influences on the frequency
response of power system due to the existing inverter-based
structures in power microgrid systems and the absence of
rotational masses, as well. Therefore, a pattern of wind speed
fluctuation is added to the studied system at time 100 s
beside PV integration from the starting time of simulation
in addition to a 10% step load disturbance at 15 s. The
convergence curve of the objective function based on MRFO
and the performance of the suggested controllers are shown
in Fig. 8 and Fig. 9, respectively. Although the PID controller
can suppress the high overshoot and undershoot of the fre-
quency deviations, it cannot restore them to an acceptable
value as shown in Fig. 9b, and Fig. 9c. However, the TID
and FOPID controllers give satisfactory results compared
to the PID with the reasonable capability to damp out the
frequency and tie-line power oscillations as seen in Fig. 9b,
Fig. 9c, and Fig. 9d. On the other hand, the cooperative
action of the proposed hybrid controller with the SMES
based-FOPID controller confirms their robustness compared
to other control methods as can be observed from Fig. 9.
The proposed controller achieves a settling time of 21 s
compared to 35 s and 39 s for the TID and FOPID controllers,
respectively.
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FIGURE 9. System response with the optimized controllers at scenario 2.

C. SCENARIO 3: MULTI-LOAD DISTURBANCES
In this scenario, the power system under study is subjected
to three disturbance stages of load changes at 20 s, 60 s,
110 s, respectively as seen in Fig. 10a. The obtained results
under this case for both areas frequencies and tie-line power
deviations are shown in Fig. 10. It can be observed that the
system fluctuations are increased and the frequency error of
the two-area cannot be restored to its zero value by using only
the PID controller in the LFC loop. Whereas, the TID and
FOPID can damp out the peak deviation of frequency and
tie-line power but with a long time to be settled. The pro-
posed hybrid cooperative controller exhibits better dynamic
performance to damp out the frequency and power oscilla-
tions in comparison to FOPID, TID, and PID controllers.

The proposed coordination among the LFC controller and
SMES controller represents the best combination compared
to the other controllers.

D. SCENARIO 4: ROBUSTNESS ANALYSIS
In order to investigate the performance of the proposed hybrid
controller, the studied system is subjected to severe distur-
bances, including load disturbances, wind power fluctuations,
and physical parameter variations, which can lead to system
instability. The power system parameters are varied in this
scenario as follows: H = −30%; D = +20%; Tg = +30%;
Tt = −25%; TSMES = +35% under the same operating
conditions of RESs and load fluctuations of the earlier sce-
nario 2. As can be seen in Fig. 12, the PID controller with
the energy storage system based-FOPID controller cannot
diminish the frequency oscillations and tie-line power devi-
ations during these severe changes. Furthermore, the TID
and FOPID controllers based on the MRFO have failed in
damping out the high overshoots and undershoots, especially
at the instant of wind generation connection at time 100 s.
However, they can restore the original frequency and power
values after a long settling time. In contrast, by employing the
proposed MRFO-based hybrid controller coordinated with
the SMES-FOPID controller, the amplitude of the system
fluctuations becomes nearly zero with fast settling time as
shown in Table 3. Moreover, a faster and linear convergence
curve is achieved compared to the other studied controllers,
as clarified in Fig. 11. Hence, it can be concluded that the
coordination between the proposed hybrid FO controller in
the LFC loop and SMES FOPID controller reduces the high
system fluctuations and the system becomes more stable than
using individual PID, TID, or FOPID controllers.

E. SCENARIO 5: MISSING THE HVDC LINK
In this scenario, the performance of the studied system is
tested under the same extreme disturbances conditions of
the previous scenario 4 of high wind power penetration,
step loading, and parameters variations. In addition to these
contingencies, the case study is subjected to a case of missing
the HVDC link, which may lead to more fluctuations in the
system frequency and tie-line power. The proposed method
based on the SMES device and optimal hybrid LFC provides
powerful performance due to its better fluctuations damping
property in addition to the mitigation of the frequency and
tie-power deviations than the other controllers as shown in
Fig. 13. It can be also seen that the PID cannot withstand this
scenario due to the high failure rates of the power electronic-
based HVDC tie-line. Moreover, the TID and FOPID based
controllers exhibit poor damping characteristics. However,
the proposed hybrid controller settles the oscillations to zero
very fast and produces significant reductions in their peak
value as summarized in Table. 3. However, this scenario
clarifies the importance of utilizing the HVDC link compared
with the previous case, which has an improvement in mini-
mizing the peak overshoot and damping oscillations with a
fast-settled response.

213910 VOLUME 8, 2020



E. A. Mohamed et al.: Optimized Hybrid FO Controller for Frequency Regulation in Multi-Area Power Systems

FIGURE 10. System response with the optimized controllers at scenario 3.
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TABLE 3. Estimated maximum overshoot (MO) and settling time (ST) for the studied scenarios (at 15 s).

FIGURE 11. Convergence curve at scenario 4.

VI. PERFORMANCE COMPARISONS AND DISCUSSIONS
Table. 3 illustrates a detailed comparison between the pro-
posed cooperative hybrid controller with other addressed con-
trollers in the context. The table compares the values of the
overshoot and settling time of the dynamic performance of
the frequency deviations and tie-line power in each scenario.
It can be seen in all scenarios that the proposed controller
improves the dynamic response of the frequency deviation
and the tie-line power and brings them to zero in the steady
state. The proposed cooperative hybrid controller achieves
the minimum overshoots and settling times in all scenarios.
The overshoot in frequency deviations and tie-line powers are
decreased to more than 40% of that one’s using PID, FOPID,
or TID. Moreover, the settling time has been decreased to
more than 50% of the other controllers. Even in severe sce-
narios and system uncertainties, the proposed cooperative
controller has the capability to properly damping any fluc-
tuations in the frequency or the tie-line power. Therefore,
the table shows the superiority of the proposed cooperative

FIGURE 12. System response with the optimized controllers under
physical parameters variations for the sensitivity analysis at scenario 4.

hybrid controller over the existing controllers for achieving an
improved dynamic response, mitigating the deviations of area
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FIGURE 13. System response with disconnection of HVDC tie-line under
the optimized controllers at scenario 5.

frequency and tie-line power, and maintaining stable opera-
tion at various system disturbances, generation uncertainty,
and system parameters variations.

VII. CONCLUSION
This paper proposes a cooperative control scheme of a hybrid
fractional order controller in the LFC loop and SMES tech-
nology to enhance the stability of interconnected power sys-
tems. This coordinated control scheme is designed based on
the MRFO algorithm as an effective optimization technique,
which is employed to optimize the parameters of the hybrid
LFC and SMES FOPID controllers. The simulated results
show that the cooperative hybrid controller based on the
developed MRFO outperforms the other controllers, such as
PID, TID, and FOPID. It is the most effective in regulating
the frequency and tie-line power oscillations due to the high
fluctuations of RESs and multi-load changes. The proposed
method provides superior performance at achieving a reduc-
tion in the overshoot in frequency deviations and tie-line
power to more than 40% compared to PID, FOPID, or TID
controllers. In addition, the settling time is reduced by the
proposed method to more than 50% compared to the other
controllers. Moreover, it provides high robustness against the

variation of power system physical parameters. Furthermore,
the coordinated hybrid LFC with SMES controller possesses
superior robustness in case of HVDC tie-line fault and against
the system parameters uncertainty. On the other hand, the pre-
sented MRFO algorithm has improved the learning ability
and the inter-generational information transmission, wherein
they are integrated into sequential balanced phases to con-
trol the exploration-exploitation problem. Hence, it can be
applied to solve many engineering problems.
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