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ABSTRACT In multi-interconnected power system, keeping the changes in frequencies and tie-line powers
at their specified values is vital process especially during operation under load disturbance. This target can
be achieved by installing load frequency control (LFC), the main object of LFC is damping the deviations of
frequencies and tie-line powers to zero. This paper proposes a new approach incorporated recent optimizer
of movable damped wave algorithm (MDVA) to identify the unknown parameters of LFC represented by
fractional-order proportional integral derivative (FOPID). FOPID controller is selected as it has better and
robust performance, the controller is installed in multi-interconnected system with multi-sources considering
renewable energy-based plants. Minimizing the integral time absolute error (ITAE) of the change in
frequencies and tie-line powers is the main target. Two power systems are considered in this work, the first
one comprises photovoltaic (PV) and thermal generating units while the second system includes four plants
of PV, wind turbine (WT), and two thermal based plants. Moreover, the generation rate constraints and
governor dead-band of thermal plant are considered. Different load disturbances in both studied systems are
investigated and the obtained results via the proposed DMVA are compared to coronavirus herd immunity
optimizer (CHIO), antlion optimizer (ALO), sooty tern optimization algorithm (STOA), manta ray foraging
optimizer (MRFO), and sin-cos algorithm (SCA). Regarding the two-interconnected system, the proposed
DMVA succeeded in achieving the best ITAE of 6.3911 during 10% disturbance applied on PV plant.
Regarding to the multi-interconnected system, the best (minimum) fitness function is 0.015029 achieved
via the proposed DMVA at 1% load disturbance on the first area. The results confirmed the robustness of
the proposed algorithm in solving the LFC parameter estimation.

INDEX TERMS Load frequency control, fractional PID-controller, multi-interconnected system, renewable
energy.

I. INTRODUCTION

The stability of power system operation is a vital issue
that should be considered especially in case of sudden load
disturbances. In such case, the power network frequency
is affected by load disturbance and the reactive power is
less affected by this violation. It is important to retain the
frequency to its steady-state as fast as possible, this helps
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in achieving reliable operation of the network. The relia-
bility of power system can be enhanced by interconnection
with other plants, this helps in minimizing the load curtail-
ment and guarantees continuity of the service especially in
case of generation deficiency at any plant. Load frequency
control (LFC) is mandatory for good management of net-
work operation, it is responsible for keeping the frequency
and tie-line loading at their specified limits during load
disturbance [1]. In multi-interconnected system, the instal-
lation of such controller is important to vanish the change
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of frequencies and tie-line powers happened due to load
disturbance.

Many researchers presented various design approaches for
LFC, Xu et al. [2] designed LFC installed in multi-areas
in micro grid (MG) using artificial sheep algorithm (ASA).
Moreover, energy storage technology based on pumped
hydropower was introduced. Tungadio et al. [3] reviewed
many works that have been conducted in simulating LFC,
the authors considered traditional, hybrid, and predictive
controllers with clarifying the merits and defects of each
one. Yousri et al. [4] employed a methodology based on
Harris hawks optimizer (HHO) to estimate the proportional-
integral (PI) controller based LFC parameters. Renewable
energy-based plants are considered in the constructed sys-
tem. Yan et al. [5] presented a model free approach for
LFC which is available for uncertainties of renewable energy
with the aid of deep reinforcement learning to minimize
the frequency deviation. Amano et al. [6] presented an area
control error (ACE) assignment to simulate LFC and battery
energy storage system installed with large-scale renewable
energy system. Datta et al. [7] presented PI and proportional-
integral-derivative (PID) controllers based LFC installed
in interconnected network with renewable energy sources
(RESs). The constructed system composed wind, solar,
and micro hydro power-based plants. Moreover, the con-
structed LFC was studied via controlling the ballast load.
Yang et al. [8] developed a predictive control based LFC
installed in microgrid (MG) with electric vehicles (EVs),
distributed generators (DGs), and wind farm. Ali et al. [9]
presented an approach based on coefficient diagram method
for designing heat pump and EV for minimizing the fluc-
tuation of the isolated power system frequency in case of
renewable energy uncertainties. Diesel generator and renew-
able photovoltaic (PV) are considered as the main sources
of the system. Trip et al. [10] introduced distributed optimal
LFC for regulating the frequency and achieving economic
dispatch based on derived incremental passivity for nonlin-
ear structure. Moreover, the turbine-governor was simulated
via first and second order dynamics. Khooban et al. [11]
presented an adaptive fractional Fuzzy-PID based LFC for
isolated microgrids. Moreover, EVs and batteries are con-
sidered. Furthermore, the parameters of the constructed con-
troller were adapted using modified black hole optimizer.
Cam et al. [12] presented two models of LFC using con-
ventional PI and Fuzzy-PI controllers installed in single
and two-interconnected systems with hydroelectric plants.
Moreover, comparison between the two presented models
has been conducted. Safari et al. [13] presented PID based
LFC installed in MG with EVs, the parameters of controller
were determined using artificial neural network (ANN) opti-
mized via particle swarm optimizer (PSO). Mi et al. [14]
designed LFC using decentralized sliding mode strategy
for multi-interconnected system. An adaptive sliding mode
control (SMC) was employed for simulating LFC [15].
Additionally, the disturbances and uncertainties were adapted
based on adaptive dynamic programming to achieve extra
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control signal. Dreidy et al. [16] reviewed many techniques
used to control the frequency of solar PV system and vari-
able speed WT. An adaptive Fuzzy controller based LFC
was constructed in [17] to minimize the frequency fluctu-
ation and the whole cost of interconnected system. More-
over, the parameters of the presented controller have been
tuned using modified PSO. The power system stabilizer for
LFC was modeled and analyzed in hydro-electric power
plant for damping the frequency deviation in case of load
disturbance [18]. Extensive review of various approaches
employed in designing LFC for deregulated power system
was conducted by Pappachen et al. [19]. Moreover, vari-
ous types of control like classical, robust, self-tunning, and
soft computing were analyzed. Khooban et al. [20] pre-
sented SMC based LFC optimized via black hole optimizer
for achieving generation/demand balance in MG with EVs.
The frequency of the interconnected system including
wind farm and conventional units was controlled via
multi-objective PSO [21]. Fini et al. [22] presented multi-
objective optimization problem for tunning the inertia
constant, distributed energy resources’ frequency droop coef-
ficient, and LFC parameters installed in low inertia MG.
A second order SMC was presented to model LFC installed
in multi-interconnected based system for damping the fluctu-
ations in frequencies and tie line powers [23]. A fractional-
order based LFC installed in large electric grids with EVs
and renewable energy has been presented in [24]. Moreover,
the parameters of the constructed controller were determined
via various evolutionary algorithms like imperialist competi-
tive algorithm (ICA) and differential algorithm. Ko et al. [25]
used Lyapunov theory and linear matrix inequality approach
for investigating the time delays stability of LFC with pen-
etration of EVs. PID controller optimized via the whale
optimization algorithm (WOA) was presented to model LFC
for interconnected system including conventional and RESs
based system [26]. Ali et al. [27] selected a model pre-
dictive control (MPC) to represent LFC with renewable
energy-based plants. The parameters of the presented con-
troller have been optimized via sooty tern optimization algo-
rithm (STOA) such that ITAE of change in frequencies
and tie-line powers is minimized. An approach based on
multi-verse optimizer (MVO) has been presented in [28] to
optimize the MPC based LFC installed in large intercon-
nected network that has RESs based plants. Fathy et al. [29]
presented a Fuzzy-PID based LFC optimized via mine blast
algorithm (MBA) installed in multi-interconnected system,
the main target is to minimize the ITAE of the frequencies
and tie-line powers’ fluctuations during load disturbance.
Moreover, GRC and GDB of reheat thermal based plants were
considered. Fathy et al. [30] introduced an optimized adaptive
neuro Fuzzy inference system (ANFIS) based LFC with the
aid of antlion optimizer (ALO) for interconnected system
with RESs. Prakash ef al. [31] introduced linear quadratic
regulator for PID based LFC for two-interconnected sys-
tem of thermal plant with DG, solar PV and WT, and
geothermal plant. Cascaded PID controllers were presented to
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simulate the LFC installed in interconnected generation sys-
tem [32]. Moreover, salp swarm optimizer has been used to
optimize the constructed controller. Datta et al. [33] intro-
duced fractional-order PID controller for simulating LFC,
bacterial foraging optimizer was used to optimize the con-
troller parameters, the constructed controller was installed
in interconnected system with hybrid WT and PV based
plant. Khadanga er al. [34] presented an approach based
on sine augmented scaled SCA for designing LFC installed
with multi-interconnected system. A modified fractional-
order PID controller optimized via artificial ecosystem
optimizer (AEO) was introduced as LFC installed in multi-
interconnected system with RESs and EVs [35]. LFC based
interval type-2 Fuzzy PID controller was introduced and
optimized via modified equilibrium optimizer (MEO) [36].
Barakat ez al. [37] employed HHO to optimize the parameters
of PI and PD based LFC. Zhang et al. [38] used distributed
economic MPC based LFC to achieve the desired operation of
multi-interconnected system with wind plants. A Fuzzy-PID
based LFC was optimized via teaching learning-based opti-
mization (TLBO) approach [39], the designed controller was
installed in electrical power system with nonlinear param-
eters. Sharma et al. [40] designed Fuzzy-PI based LFC
installed in non-reheat thermal/hydro interconnected sys-
tem with the aid of MVO. Arya [41] introduced a novel
cascaded Fuzzy fractional-order integral derivative con-
troller with filter installed in thermal/hydro interconnected
system.

Although many works were conducted in simulating and
designing the LFC in multi-interconnected-based system,
most of the reported approaches required excessive effort
and consumed large time in implementation. Moreover,
the approaches based on metaheuristic algorithms that were
employed in designing LFC lack reliability due to high
probability of falling in local optima. Furthermore, a lot
of these approaches required many controlling parameters
that defined by the user, tunning of such parameters is still
big challenge to guarantee optimum solution. Additionally,
many works presented conventional types of LFC like PI,
PID, and Fuzzy while presenting advanced controller like
fractional-order requires more attention from researchers
in this field as it is more efficient than the conventional
ones. The authors considered all these defects by propos-
ing fractional-order PID (FOPID) based LFC optimized via
recent approach of movable damped wave algorithm (MDVA)
and installed in multi-interconnected system with RESs. The
authors selected FOPID controller as it has more adaptable
response in terms of time and frequency, moreover it has
better and robust performance. The DMVA is selected as it
has balance between exploration and exploitation phases, this
avoids stuck in local optima, moreover the algorithm is simple
in implementation and less sensitive to the parameters defined
by the user.

The work contributes by the following points:

o Itis the first time to propose a methodology incorporated

movable damped wave algorithm (MDVA) for tunning
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the optimal parameters of FOPID-LFC installed in two
and multi-interconnected systems.

« Renewable energy-based plants like photovoltaic (PV)
and wind turbine (WT) are considered.

o The generation rate constraints (GRC) and gover-
nor dead-band (GDB) of thermal-based plant are
considered.

o Comparison to coronavirus herd immunity optimizer
(CHIO), antlion optimizer (ALO), sooty tern optimiza-
tion algorithm (STOA), manta ray foraging optimizer
(MRFO), and sin-cos algorithm (SCA) is conducted.

o The robustness of the proposed FOPID-LFC is con-
firmed by applying different load disturbances.

The paper is organized as follows: section II presents the
models of the different interconnected systems, section III
introduces the principles of movable damped wave algorithm
(MDVA), section IV shows the proposed solution method-
ology, section V presents the results and discussions, and
section VI introduces the conclusions.

Il. INTERCONNECTED SYSTEM MODEL

In this study, two interconnected systems are analyzed,
the first one consists of photovoltaic (PV) based plant and
thermal generating unit while the second system comprises
four interconnected plants of PV, wind turbine (WT), and two
thermal power plants with GRC and GDB. In this section,
the model and block diagram of each plant are presented.
Moreover, the main principle of fractional-order PID con-
troller is presented.

A. THERMAL GENERATING UNIT MODEL

The thermal generating plant comprises generating unit,
prime-mover (steam turbine), speed-governor, and reheater,
the model of each component can be written as follows [42]:

k
Gy = —% e)
1+ T,s
k
G = ! 2
1 + T[S
14+ k.T)s
G = —— 3
r 15 7,5 3)
k
Ggen = d (4)
1+ Tps

where Gg, Gy, G, and Gy, are the governor, steam turbine,
reheater, and generating unit transfer functions, k, and 7, are
the governor gain and time constant, k; and 7, are the steam
turbine gain and time constant, k, and 7 are the reheater gain
and time constant, k,, and T, are the generating unit gain and
time constant.

B. PHOTOVOLTAIC-BASED PLANT MODEL

The photovoltaic (PV) based system comprises some of solar
cells that are connected in series and parallel to supply the
required power to load. The PV system performance depends
on the irradiance and temperature, the terminal voltage of the
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FIGURE 1. Flowchart of INC based tracker approach.

PV panel can be expressed as follows [43]:

. <NsszTa> " [N,,Glph I+ Np10i| ~ (NSIRX> )
0 Npl, N,

where [ is the current of PV panel, Q is the electron charge,
Z is the constant of Boltzmann, T, is the temperature of PV
module, N; is the number of cells connected in series, N, is
the number of strings connected in parallel, R; is the series
resistance of PV cell, ¢ is the completion factor, Ly, is the
photocurrent, /,, is the reverse saturation current, and G is the
irradiance. In the voltage-power curve of the PV panel, there
is only one maximum point that called maximum power point
(MPP), this point is tracked with the aid of tracker [44].

There are many algorithms of maximum power point
tracker (MPPT), the most popular one is incremental conduc-
tance (INC). To track the MPP, a converter is connected to
the PV panel terminals and the duty cycle of its MOSFET is
controlled via INC algorithm. Fig. 1 shows the flowchart of
INC, in this work dc-dc buck converter is considered.

INC based approach is based on the following for-
mula [45]:

dP
PV =0 At right of MPP
dVpy
dPpy
=0 ArMPP (©6)
dVpy

0 At left of MPP
iy < eft of
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The transfer functions represent the PV module can be written
as follows [46]:

G — ( s2 ) V(s + 0?) (52 + 20?) (l—e_STS>
=252 ks? (s2 + 4a)2) 5T

@)
T
o My/LC 1—¢ 2\ [/ M
S s 1 1 —sTy 14T,
s“+\rc )t 1c 1+e 2
(8)

where R, L, and C are the converter output resistance, induc-
tance, and capacitance respectively, w is the frequency of grid,
M, is the voltage gain of buck converter, M> is the voltage
gain of inverter, and 7 is the sampling time.

C. WIND TURBINE-BASED PLANT MODEL

Wind turbine (WT) is considered by power coefficient (Cp)
which is defined as a function of the tip speed ratio (1) and the
blade pitch angle (8). Itis important to keep the tip speed ratio
at its optimal value to enhance the extracted wind power. The
tip speed ratio is equal to the WT angular rotor speed divided
by the linear wind speed as follows [47]:

C()[R
A= — 9
v, &)
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FIGURE 3. The proposed PV/thermal interconnected system.

where R is the WT rotor radius, V,, represents the wind speed,
w; 1s the WT speed.

The wind power extracted from WT can be expressed as
follows [48]:

1
Pw = 2pAC, (1, )V, (10)

where p represents the density of air, and A is the swept area
of WT blades.
The power coefficient of WT is given in the following Eq.:

C, = (0.44 — 0.0167 x B)sin (M)
15— 038

—-0.00184(xr—-3)8 (1D

The mechanical power produced by WT can be given in the
following formula [49]:

szcp(ksﬂ)Pw (12)
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The variations of WT mechanical power and mechanical
speed of rotor at different wind speeds are shown in Fig. 2.

In this work, the authors analyzed two systems, the first
has two interconnected plants of PV and thermal generating
units, the block diagram of such system is shown in Fig. 3.
The second considered system comprises four interconnected
plants, PV, wind turbine, and two thermal based units with
GRC and GDB, the diagram of such system is shown
in Fig. 4.

D. MAIN PRINCIPLE OF FRACTIONAL-ORDER PID
CONTROLLER

Fractional-order PID controller (FOPID) was introduced via
Podlubny [50], FOPID is better than the conventional PID
in term of performance especially for closed loop control
systems. This controller is defined by five parameters which
are the gains of PID (K, K;, and Kj;), the integrator order (1),
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FIGURE 4. The proposed PV/WT/thermal interconnected system.
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FIGURE 5. Block diagram of FOPID controller with plant.

Y(s)

Plant

and the derivative order (u). The block diagram of FOPID is
shown in Fig. 5, the transfer function of FOPID can be written
as follows:

K;
Ge(9) =Ky + — +Kas" hopu>0 (13)
)

The output of FOPID controller can be obtained by solving
Eq. (13) as follows:

u(t)y =K, xe(®)+K;x D" xe(t)+ Ky x D" x e(t)
(14)

Referring to Fig. 5, the controller is responsible for feeding
the plant with the reference input such that the error, E(s),
is minimized. The performance of controller gains more flex-
ibility via tunning the parameters A and u. To guarantee cor-
rect tunning of the FOPID controller, metaheuristic approach
of movable damped wave algorithm (MDVA) is proposed.

lll. MOVABLE DAMPED WAVE ALGORITHM (MDVA)

In 2019, Rizk-Allah et al. [51] introduced recent metaheuristic
optimization approach motivated from the waveform behav-
ior under oscillation phenomena, it is known as movable
damped wave algorithm (MDVA). The damped sin wave is
defined as the wave with amplitude decreases and reaches to
zero with time. The algorithm is a population-based approach
that starts by initializing random solutions and the corre-
sponding objective function for each probable solution is
calculated. The obtained solution is improved with the aid of
some rules which is considered as the algorithm kernel.

The formula of damped wave can be written as follows:

xf“ = (?i(t3> sin (277T> x! (15)
X

VOLUME 9, 2021

where « is a parameter employed to change the damped wave
amplitude, ¢ is used to move the wave to either right side or
left side, and y is used for either contraction or expansion the
damped wave. One of the strength points in DM VA is that the
solution is redistributed in the search space due to the wave
damped cyclic pattern, this action improves the exploration
tendency. Moreover, the exploitation phase can be enhanced
by permitting the wave to move around the best solution.
Therefore, the damped wave updates its position based on the
following formula:

t+1 « : 2 t
X = sin | — ) X; ; + Xpest,js
" (c +xf,,-) ( v /)Y !

i=1,2,....,PS (16)

where x; ; is the i solution position in j” dimension at "

iteration, Xpes j is the best solution in j™" dimension, and
PS is the size of population. The controlling parameters of
DMVA are «, ¢, and y, the first one is employed to make
balance between exploration and exploitation to evaluate the
recommended regions in the search space.

The parameter ¢ is responsible for dictating the next hor-
izontal movement of the wave either to the left side or to
the right one while y is used for defining the next vertical
movement either up or down. These parameters are assigned
randomly from the bounds of the problem therefore, the algo-
rithm is not sensitive to confident values of these parameters.
To make balance between the exploration and exploitation
phases, the parameter « is adaptively varied using the follow-
ing Eq.:

1, —1
a = Omin + (¥max — ¥min) X ( - ) (17

[max

where o, and oy, are constants which are assigned as
0 and 1 respectively, f,,4, is the maximum iteration, and ¢ is
the current iteration. Eq. (17) clarifies that, « has a big value at
early iteration, this helps in enhancing the exploration while
at the final iteration it has small value that my highlight the
local exploitation. Fig. 6 shows the flowchart of DMVA.

IV. THE PROPOSED SOLUTION METHODOLOGY
The parameters of fractional-order PID controller based LFC
incorporated in interconnected system are determined via
a novel methodology of damped movable wave algorithm
(DMVA). The integral time absolute error (ITAE) of the
change in frequencies and tie-line powers is considered as
the target to be minimized. While the design variables to be
identified are K, K;, Ky, A, and u, the proposed structure of
the designing process is shown in Fig. 7.

The objective function considered in this work can be
written as follows:

t

NArea
ITAE = /z. [Z |AF; + APtie,i[|dt (18)

0 i=1
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FIGURE 6. Flowchart of DMVA.

where AF; is the change in frequency of i area, APy ; 1S
the change in i area tie-line power, N4yeq is the number of
connected areas, and ¢ is the time of simulation.

The constraints considered in this work are given in

Amin < A < Amax

min

u™ < < ™™ Vie N

19)

Eq. (19) as follows:
Ky min < Kp < Kp max
Ki,min <K;< Ki,max

Kimin < Kg < Kg max
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where max and min refer to the maximum and minimum
bounds of the parameters, and N¢ is the number of con-
trollers installed in the system. In this work, the minimum
and maximum limits of FOPID controller’s parameters are
assumed to O and 1 respectively. The steps given in Fig. 6 are
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FIGURE 8. Simulink model of the proposed PV/Thermal interconnected system.

implemented with considering the fitness function given in
Eq. (18) and constraints given in Eq. (19).

The proposed methodology incorporated DMVA is char-
acterized by balance between exploration and exploitation
phases, this avoids stuck in local optima. Moreover, DM VA is
not sensitive to the controlling parameters. Furthermore, it is
simple in construction and implementation. These features
enable the proposed approach to solve many complicated
problems with high-dimension.

V. RESULTS AND DISCUSSIONS

Two interconnected systems are considered in this work,
the first one comprises PV based plant connected to thermal
generating unit with reheater. While, the second system com-
poses four interconnected system, PV based plant, wind tur-
bine (WT) based plant, and two thermal generating units with

VOLUME 9, 2021

GRC and GDB. Different load disturbances are considered in
the analysis as described below, moreover, excessive compar-
ison analysis to other metaheuristic optimization approaches
is conducted.

A. ANALYSIS OF TWO-INTERCONNECTED SYSTEM

In this system, the PV generating unit with maximum power
point tracker (MPPT) is connected to thermal generating
unit with reheater. The topology of such system with the
proposed FOPID controllers is built in Simulink/Matlab as
shown in Fig. 8. The parameters of such system are given
in [30], the capacity of PV plant is 500 kW while the thermal
plant has rated power of 2000 MW with load of 50% of
its rated power. The proposed MDVA is implemented for
100 iteration, 50 population size, and 10 independent runs.
The first disturbance considered in such system is 10% on PV
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TABLE 1. The optimal parameters of FOPID controllers at 10% load disturbance applied on PV plant.

CHIO ALO STOA MRFO SCA The proposed

DMVA

Kp1 0.78754 1.000 1.000 0.99929 1.000 1.000

Ki 1.000 1.000 0.96125 0.99664 1.000 0.83082

Kai 1.000 1.000 1.000 0.99936 1.000 1.000

M 0.66414 0.99711 0.32959 0.29312 0.50351 0.30367

i 0.64915 0.58038 0.87119 0.94949 0.77449 0.93946

Kp2 0.32391 0.79253 0.000223 0.95183 0.000245 0.75083

Ki 0.7909 0.99999 0.51324 0.45503 0.81743 1.000

Ka 0.16619 0.98696 0.19783 0.013432 0.22541 0.1442

A2 0.60024 0.70982 0.3032 0.98155 0.000674 0.98059

M2 0.45231 0.99524 0.000123 0.41155 0.000377 0.02925

Elapsed time (s) 20068.283  16062.355 13983.285 14913.706 13417.439 7174.8576

Fitness function  8.6836 7.3091 7.1176 6.9375 7.4021 6.3911

IAE 7.0134 6.2793 6.7185 6.4305 6.0948 5.9883

ISE 0.1549 0.1486 0.1576 0.1475 0.1236 0.1238

ITSE 0.0444 0.0373 0.0413 0.0365 0.0318 0.0312

‘—ALO === STOA =*==** MRFQ ===SCA "==** CHIO === The proposed DMVA

100

90

80

70

60

Fitness function

g

50

Fitness function

40

20 40

30

20

= o e o e T

L:x
2.
== N

10

60 80 100

.....................

-
=)

20

50

Iteration number

FIGURE 9. Variation of fitness function during iterative process 10% load disturbance applied on PV plant.

based plant. The proposed MDVA based approach is applied
and the obtained results are compared to other approaches
like coronavirus herd immunity optimizer (CHIO), antlion
optimizer (ALO), sooty tern optimization algorithm (STOA),
manta ray foraging optimizer (MRFO), and sin-cos algorithm
(SCA). The obtained results are tabulated in Table 1, more-
over the integral absolute error (IAE), integral square error
(ISE), and integral time square error (ITSE) are calculated.
The minimum ITAE is 6.3911 obtained via the proposed
approach, the best IAE, ISE, and ITSE are 5.9883, 0.1238,
and 0.0312 obtained via the proposed DMVA. Moreover, the
best (minimum) elapsed time is 7174.8576 s required for
implementing DMVA.

The fitness function versus the iteration number is given
in Fig. 9.

The time responses of change in frequencies and tie-line
powers obtained via each optimizer are shown in Fig. 10,
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the obtained time responses confirm the superiority of the
proposed approach compared to the others.

It is important to investigate the performance of each
optimizer during the implementation, this is done by calcu-
lating the statistical parameters (best, worst, mean, median,
variance, and standard deviation), the obtained statistical
parameters are tabulated in Table 2. The proposed approach
outperformed the others achieving the best variance and stan-
dard deviation of 0.0279 and 0.1672 respectively.

Additionally, to clarify the competence of the proposed
approach in solving the problem of estimating the FOPID
based LFC parameters, performance specifications includ-
ing rise time (¢,), settling time (¢;), minimum settling time
(ts.min), maximum settling time (fs uqx), Over shoot (OS),
under shoot (Us), peak value, and peak time (#yeqk) for time
responses of AF|, AF,, and APy, obtained via each opti-
mizer are calculated and tabulated in Table 3. The obtained
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TABLE 2. Statistical parameters of the proposed DMVA in comparison to the others at 10% load disturbance applied on PV plant.

CHIO ALO STOA MRFO SCA The proposed

DMVA

Best 8.6836 7.30911 7.11756 6.9375 7.40211 6.3911

Worst 413.15 11.7457 8.51902 8.5609 235.974 6.9334

Mean 58.936 8.33968 7.87233 7.6008 76.4518 6.5623

Median 14.639 7.77655 7.96488 7.5137 8.58249 6.5108

Variance 15631.25 1.73189 0.22223 0.3195 12117.98 0.0279

Standard deviation 125.0250 1.31602 0.47142 0.5653 110.0817 0.1672

TABLE 3. Performance specifications of frequencies and tie-line powers’ deviations at 10% load disturbance applied on PV plant.

Change in frequency of area 1 (4F1)

tr(s) ts () ts,min (S) ts,max (S) Os (Hz) Us (Hz) Peak (Hz)  tpear (S)
CHIO 1.5609¢-06  3.4180 -0.0518 0.0218 4.4248e-02  1.8648e-02  0.0518 0.1227
ALO 1.0011e-06  3.1316 -0.0477 0.0122 6.3471e-02  1.6234e-03  0.0477 0.1261
STOA 2.1532¢-06  3.0758 -0.0505 0.0174 3.1251e-02  1.0788e-02  0.0505 0.1299
MRFO 3.5572¢-06  2.9620 -0.0477 0.0133 1.7886e-02  4.9806e-02  0.0477 0.1282
SCA 2.9871e-06  3.2744 -0.0485 0.0144 2.1628e-02  6.4296e-02  0.0485 0.1168
The proposed DMVA 5.4466¢-08  2.5379 -0.0162 0.0239 7.2883e-03  1.4861e-04  0.0487 0.1112

Change in frequency of area 2 (4F2)
CHIO 0.0088 6.2744 -0.0057 7.2459¢-04 5.0521e-02  6.4195¢-01  0.0057 0.5041
ALO 0.0074 5.4501 -0.0074 9.1869¢-04 1.0244e-03  1.2664¢-02  0.0074 0.5828
STOA 0.0097 5.4874 -0.0063 8.9894¢-04 4.0677¢-02  5.7704e-01  0.0063 0.5717
MRFO 0.0115 5.1213 -0.0074 8.3494¢-04 2.8531e-02  3.2302¢-01  0.0074 0.5470
SCA 0.0108 5.9702 -0.0053 7.7723¢-04 2.4730e-02  3.6089¢-01  0.0053 0.5813
The proposed DMVA 6.4194e-05  6.3213 -5.1437¢-05  2.7445¢-04 6.8731e-02  1.0568¢-04  0.0042 0.3832
Change in tie-line power (4Piic)

CHIO 0.0014 5.7005 -4.3611e-05  3.0818e-04 3.0676e-01  4.7037¢-02  0.0047 0.2722
ALO 0.0012 5.0029 -2.8585e-05  2.8933e-04 4.6973e-01  8.3216e-02  0.0051 0.3218
STOA 0.0013 4.5821 -4.9547¢-05  2.4696¢-04 1.8580e-01  3.9607¢-02  0.0052 0.3105
MRFO 0.0020 4.5269 -6.1270e-05  3.7051e-04 1.6981e-01  2.3693¢-02  0.0051 0.3220
SCA 0.0024 5.1689 -3.4016e-05  2.2329¢-04 1.2011e-01  2.4363e-02  0.0045 0.2787
The proposed DMVA 2.3800e-04  8.8779 -2.6890e-07 1.7164¢-04 2.4108e-02  5.3285e-03  0.0038 0.2328

TABLE 4. The optimal parameters of FOPID controllers at 10% load disturbance applied on thermal plant.

CHIO ALO ST OA MRFO SCA The proposed
DMVA

Ko 0.17448 0.88101 0.23463 0.0019354 0.11943 1.000

Kii 0.18844 0.92065 0.000 0.29759 0.43727 1.000

Kai 0.94297 0.89986 0.000 0.17374 0.20853 1.000

M 0.6238 0.67541 0.12352 0.69427 0.92522 1.000

L 0.61024 0.92672 0.91571 0.93558 0.93146 1.000

Kp2 0.53212 0.76139 0.82806 0.95313 0.83196 0.40973

Ki 0.66787 0.93786 0.86401 0.96173 0.90409 1.000

Ka 0.83942 0.88993 0.93867 0.86302 0.90012 0.87697

A2 0.1944 0.73149 1.000 0.27029 0.36282 1.000

L 0.95077 0.00074931  0.000 0.30964 0.58075 0.000

Fitness function  23.95017 11.25177 6.81865 8.02517 10.66431 1.205898
performance specifications confirm the superiority of the proposed approach incorporated DMVA in solving the han-
proposed approach compared to the others. It is clear that, dled optimization problem.
the results obtained during 10% load disturbance on PV The second disturbance considered in PV/thermal inter-

based plant confirmed the competence and reliability of the connected system is 10% on thermal generating unit.
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FIGURE 11. The time-responses of (a) AF;, (b) AF,, and (c) APy, for 10% load disturbance applied

on thermal plant.

The optimal parameters of FOPID-LFC controllers are given
in Table 4. The proposed DMVA comes in the first rank
achieving the best fitness function of 1.205898 while CHIO
comes in the last rank with ITAE of 23.95017. The time
responses of AF|, AF;, and APy, in such case are shown
in Fig. 11, the proposed DMVA achieved good performance
for two interconnected PV/thermal system during the second
load disturbance.
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Finally, one can get that the proposed approach incorpo-
rated DM VA is efficient in identifying the optimal parameters
FOPID based LFC installed in PV/thermal interconnected
system operated at different load disturbances.

B. ANALYSIS OF FOUR-INTERCONNECTED SYSTEM
Recently, the generating units in most power system are not
limited to one type but rather include different types such as
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FIGURE 13. Variation of fitness function during iterative process during 1% load disturbance applied on area 1 of

multi-interconnected system.

thermal, hydro, WT, PV, and nuclear. Therefore, it is impor-
tant to investigate the proposed approach on system with
multi-interconnected and multi-sources. This is implemented
by considering four-interconnected system with PV, WT,
and two thermal generating units. Moreover, the generation
rate constraints (GRC) and governor dead-band (GDB) of
thermal-based plant are considered. The Simulink model of
the considered system is shown in Fig. 12. The first operating
condition is implemented by assuming 1% load disturbance
on the thermal unit located in the first area. The optimal
parameters of the installed FOPID-LFC controllers obtained
via the proposed approach and the others are given in Table 5,
the proposed DM VA succeeded in achieving the best (min-
imum) fitness function of 0.015029 after the best elapsed
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time of 3607.9641 s. On the other hand, SCA comes in the
last rank with the worst ITAE of 0.112188. regarding to the
consumed time, ALO is the slowest approach as it consumes
40248.65 s.

The variations of ITAE during the iterative process for all
studied optimizers are given in Fig. 13, the curves confirm
the competence of the proposed approach. Moreover, the time
responses of frequencies and tie-line powers’ deviations in
such load disturbance are given in Fig. 14, the curves con-
firm the superiority of the proposed DMVA compared to the
others.

As the reader see, the proposed DMVA is the only algo-
rithm which damps the oscillation of change in frequencies
and tie-line powers to their steady-state values. Furthermore,

VOLUME 9, 2021



A. Fathy, A. G. Alharbi: Recent Approach Based Movable Damped Wave Algorithm

IEEE Access

—ALO

—=-STOA

== SCA

----- The proposed DMVA

10 20 30 40 50 60 70
Time (S)

(@

50
Time ()

(©

A Ptiel

Time (S)

©

—ALO
—=-STOA
== SCA
The proposed DMVA

A Ptie3

50
Time ()

(2

—ALO

1
|
|
|

SCA i
|
|
|

0.005

-0.005/

-0.015]

(d

50 60 70 80 % 100
Time (5)

®

—ALo
—==-STOA
== SCA
The proposed DMVA

0.015

APtied
°
2

0.005

50 60 70
Time (5)

()

FIGURE 14. The time-responses of (a) AF;, (b) AF,, and (c) AF5, (d) AFy, (€) APyje1. (f) APgiey. (8) APgies, and (h) APyje, for 1% load disturbance applied

on area 1 of multi-interconnected system.

the rise time, settling time, minimum and maximum settling
times, over shoot, under shoot, peak value, and peak time for
AF1, AF, AF3, AFy, APret, APried, APrie3, and APrieq
obtained via all studied optimizers are tabulated in Table 6,
the results show the reliability of the proposed approach in
designing the FOPID-LFC controllers.
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In order to confirm the availability of the pro-
posed approach, second load disturbance is considered in
four-interconnected system of 1% applied on area 2 which
comprises WT generating unit. The proposed approach incor-
porated DM VA is implemented and the time responses of the
frequencies and tie-line powers’ deviations obtained via the
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TABLE 5. The optimal parameters of FOPID controllers at 1% load disturbance applied on area 1 of multi-interconnected system.

ALO STOA SCA The proposed DMVA
Kpi 0.027289 0.8029 0.015345 0.68414
Ki 0.012588 0.1899 0.86619 0.78884
Kai 0.034782 0.01577 0.013541 1.0000
M 0.027163 0.014792 0.017744 0.1959
U8 0.038134 0.01000 0.031131 0.24164
Kp2 0.18114 0.010519 0.045517 0.74218
Ki 0.036437 0.016808 0.026178 1.0000
Ka 0.020372 0.89511 0.059497 1.0000
A 0.058786 0.012598 0.010343 0.40969
153 0.016396 0.092306 0.01239 1.0000
Kp3 0.010749 0.014525 0.012386 0.10716
Kis 0.025908 1.00000 0.50277 0.90651
Kas 0.027308 0.013493 0.13517 0.093507
A3 0.012199 0.58147 0.01000 0.57416
M3 0.023182 0.019234 0.52756 1.0000
Kps 0.01000 0.01214 0.024461 0.67464
Kis 0.011889 0.014524 0.011453 0.00169
K4 0.2238 0.13131 0.014971 0.29009
v 0.01000 0.019198 0.034235 0.029444
s 0.010002 0.041136 0.14228 0.79348
Elapsed time (s) 40248.65 37506.242 38738.619 3607.9641
Fitness function 0.020613 0.048094 0.112188 0.015029
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FIGURE 15. The time-responses of frequencies and tie-line powers’ deviations for 1% load disturbance applied on area 2 of

multi-interconnected system.

proposed approach and the others are shown in Fig. 15. It is
clear that, the time responses obtained via the DMVA is the
most stable compared to the others.

The proposed approach succeeded in achieving better per-
formance in identifying the parameters of FOPID based LFC
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controller for multi-interconnected system operated under
load disturbance on area 2.

Finally, one can derive that the proposed method surpassed
the other methods that were considered in this work, as it
succeeded in damping the change in frequencies and tie-line
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TABLE 6. Performance specifications of frequencies and tie-line powers’ deviations at 1% load disturbance applied on area 1 of multi-interconnected

system.
Change in frequency of area 1 (4F1)
t-(s) £ (s) ts,min (S) ts,max (S) Os (Hz) Us (Hz) Peak (Hz) tpeak (S)
ALO 2.1732e-07  94.66849  -0.0339 0.03443 3.44367 7.0252 0.07025 6.3061
STOA 2.3222¢-07  99.14593  -0.02542 0.02515 2.51472 6.3472 0.06347 6.1425
SCA 2.2897e-07  97.10739  -0.02503 0.03227 3.22717 6.25061 0.06251 6.1441
The proposed DMVA  1.7391e-07  53.36887  -0.04846 0.03760 3.76064 9.20155 0.09202 6.2874
Change in frequency of area 2 (4F>)
t(s) £ (s) ts,min (8) ts,max (S) Os (Hz) Us (Hz) Peak (Hz) tpeak (8)
ALO 6.6950e-07  93.4864 -0.02965 0.03903 3.9025 6.00474 0.0600 4.0892
STOA 5.8223e-07  84.8654 -0.01337 0.01104 1.1044 5.86164 0.0586 3.9331
SCA 4.9326e-07  86.5567 -0.01474 0.02092 2.0923 5.85119 0.05851 3.9311
The proposed DMVA  2.8386e-07  61.1885 -0.03810 0.02469 2.4685 8.65873 0.08659 4.3591
Change in tie-line power (4F3)
t (s) ts (s) ts,min (8) ts,max (8) Os (Hz) Us (Hz) Peak (Hz) tpeak (8)
ALO 3.6793e-07  99.0772 -0.02962 0.04326 4.3260 6.5968 0.06596 8.5262
STOA 4.0029¢-07  72.4453 -0.00939 0.01349 1.3486 5.8599 0.05859 3.9331
SCA 4.0404e-07  99.7377 -0.01398 0.02259 2.2588 5.84193 0.05842 3.9207
The proposed DMVA  7.4094e-07  60.4535 -0.05317 0.03862 3.8615 7.40504 0.07405 7.5705
Change in tie-line power (4F4)
t-(s) ts (s) ts,min (8) ts,max (S) Os (Hz) Us (Hz) Peak (Hz) tpeak (S)
ALO 4.9424e-06  93.5871 -0.00520 0.00109 0.10886 1.00078 0.01001 7.72611
STOA 0.00011 92.6676 -0.00015 6.83623¢-05  0.00684 0.68249 0.00682 7.16904
SCA 4.2776e-06  85.8878 -0.00119 0.00277 0.27718 0.38798 0.00388 6.90500
The proposed DMVA  0.0019 64.8963 1.82172e-08  1.20117e-05  0.001200 2.105629 0.02106 12.1738
Change in tie-line power (4 Prici)
t(s) £ (s) ts,min (8) ts,max (8) Os (Hz) Us (Hz) Peak (Hz) tpeak (8)
ALO 0.94293 99.01328  -0.016135 -0.002830 6.643e-07  0.0000 0.01614 12.4995
STOA 0.94168 99.09647  -0.017267 -0.003119 7.832e-07  0.0000 0.01727 7.52664
SCA 0.93544 99.24669  -0.017249 -0.003153 7.956e-07  0.0000 0.01725 7.52878
The proposed DMVA  0.02081 45.84533  -0.000196 0.0003500 2.698e-05  0.0014 0.01793 7.62024
Change in tie-line power (4 Piic2)
t(s) £ (s) ts,min (S) ts,max (S) Os (Hz) Us (Hz) Peak (Hz) tpeak (S)
ALO 2.51390 96.8766 -0.00815 -0.00136 6.689¢-07  9.764¢-07  0.00815 14.0128
STOA 5.13858 88.4708 -0.00673 -0.00309 3.396e-07  9.479e-07  0.00674 24.8454
SCA 4.85084 98.4323 -0.00688 -0.00294 3.692e-07  9.470e-07  0.00688 14.8003
The proposed DMVA  0.05507 64.8301 -0.01079 0.004761 0.000296  0.000673  0.01079 10.5474
Change in tie-line power (4 Pric3)
t (s) £ (s) ts,min (S) ts,max (S) Os (Hz) Us (Hz) Peak (Hz) tpeak (S)
ALO 0.04789 98.98913  -0.00548 0.00349 2.454e-05 2.221e-05  0.00548 10.28495
STOA 0.04007 98.99859  -0.00355 0.00220 1.785¢-05  2.531e-05  0.00477 2.358965
SCA 0.02026 99.07223  -0.00354 0.00207 3.552¢-05 4.913e-05 0.00476 2.357854
The proposed DMVA  0.00444 60.87266  -0.00519 0.00477 0.06426 0.07011 0.00519 9.585309
Change in tie-line power (4 Piics)
t (s) £ (s) ts,min (8) ts,max (S) Os (Hz) Us (Hz) Peak (Hz) tpeak (8)
ALO 5.57367 93.3337 0.01003 0.022465 5.186e-07  0.0000 0.02246 12.26386
STOA 5.63798 72.7505 0.01329 0.016993 1.405e-07  0.0000 0.01699 12.32372
SCA 5.52224 93.7517 0.01233 0.018366 2.467e-07  0.0000 0.01837 12.35219
The proposed DMVA  1.94465 62.1615 -5.8107¢-05  -2.5785e-05  1.031e-06  0.00078 0.02238 12.09054

powers between the interconnected plants to their steady-state
values in all the cases studied.

VI. CONCLUSION

This paper proposes a fractional-order PID (FOPID) based
LFC controller installed in multi-interconnected system with
renewable energy-based plants. The installed controller is
designed with the aid of new methodology incorporated
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movable damped wave algorithm (MDVA) via determining
its optimal parameters. The considered fitness function to
be minimized is the integral time absolute error (ITAE)
of the frequencies and tie-line powers’ violations. The
designed LFC is installed in different systems, the first one
is two-interconnected system with PV and thermal gener-
ating units while the second one has four plants, PV, WT,
and two thermal units with GRC and GDB. Different load
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disturbances are considered in both constructed systems.
Moreover, comparison to coronavirus herd immunity opti-
mizer (CHIO), antlion optimizer (ALO), sooty tern opti-
mization algorithm (STOA), manta ray foraging optimizer
(MRFO), and sin-cos algorithm (SCA) is conducted. Further-
more, statistical analysis is conducted by calculating the best,
worst, mean, median, variance, and standard deviation after
several runs of each optimizer. Additionally, the performance
specifications of the time responses of frequencies and tie-
line powers’ violations are calculated.

Regarding to the first considered system, in case of apply-
ing 10% load disturbance on the PV plant, the proposed
DMVA succeeded in achieving the best ITAE of 6.3911.
On the other hand, MRFO achieved the second rank with fit-
ness function of 6.9375 and CHIO came in the last rank with
the worst ITAE of 8.6836. Other errors, IAE, ISE, and ITSE,
are calculated in such case, the proposed DM VA achieved the
best values of 5.9883, 0.1238, and 0.0312 for the stated errors
respectively. While SCA came in the second rank achieving
errors of 6.0948, 0.1236, and 0.0318. Regarding to the sta-
tistical parameters, the best variance and standard deviation
of 0.0279 and 0.1672 are obtained via the proposed DMVA
while the worst values are 15631.25 and 125.0250 obtained
via CHIO. In the second load disturbance of 10% applied on
thermal based plant, the proposed approach achieved the best
fitness function of 1.205898, the next one is STOA with ITAE
of 6.81865. Regarding to the multi-interconnected system,
when applying a load disturbance of 1% on the first thermal
plant, the proposed DMVA succeeded in achieving the best
(minimum) fitness function of 0.015029 after the best elapsed
time of 3607.9641 s. The obtained results confirmed the
robustness and competence of the proposed approach in iden-
tifying the optimal parameters of FOPID based LFC installed
in multi-interconnected system with renewable energy-based
plants. The authors recommended modification in DMVA
to enhance its convergence speed in the future work. More-
over, expansion of the constructed interconnected system
with more penetration of renewable energy sources is also
recommended.
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