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ABSTRACT It is no doubt that the optimal power flow (OPF) has great importance in electric power systems.
It aims at assigning the adequate operating levels in order to meet the required demands with the objective
of minimizing combined economic and environmental concerns. Integration of emerged technologies of
voltage source converter (VSC) stations in AC meshed power systems changes foremost their corresponding
operation and control features. The VSC stations are usually connected with each other through HVDC
lines and consequently a multi-terminal direct current (MDC) system is established. This paper presents
an improved manta ray foraging optimizer (IMRFO) for solving the OPF in electric power systems with
and without emerged technologies of VSC stations. The proposed IMRFO aims at minimizing the total fuel
costs, the total environmental emissions, and the total electrical losses. The MRFO simulates the foraging
behaviors of the manta rays. MRFO is improved to handle multi-objectives by incorporating an outward
store for the non-dominated Pareto individuals. The form of the fitness function is adaptively varied by
iteratively changing their weights. Furthermore, a technique for order preference by similarity to ideal
solution (TOPSIS) is applied to extract a suitable operating point among the resulted Pareto set. Several
applications of the proposed IMRFO are presented for conventional IEEE 30-bus system, as an AC meshed
power system, and modified IEEE 30-bus with emerged VSC stations, as a hybrid AC/MDC meshed power
system. Simulation results declare that the proposed algorithm has great effectiveness and robustness features
compared to the others. Also, various well-distributed Pareto solutions are obtained based on the proposed
algorithm with adequate techno-economic-environmental characteristics.

INDEX TERMS Optimal power flow, AC/MDC meshed power system, VSC stations, manta ray foraging
optimizer.

I. INTRODUCTION
The optimal power flow (OPF) problem is considered one of
the old and modern studies. As 60 years ago after studying
the OPF problem by Carpentier [1], the OPF problem still
receives considerable attention because of the challenging
nature of the problem and its important role in power system
planning and operation. OPF aims at assigning the most
adequate values of generators output powers, generators volt-
ages, transformers tap settings, outputs of VAr compensators,
FACTS parameters and setting, and other parameter of newly
connected devices to minimize the predefined objective

The associate editor coordinating the review of this manuscript and

approving it for publication was Ali Raza .

functions while satisfying the operating system constraints.
OPF searches for the combined economic and environmental
operation of electrical power systems by finding the effective
operating points of the power systems, which can overcome
previous problems satisfactorily. This optimal condition is
distinct with respect to objective functions reducing gener-
ation costs, increasing system loadability, reducing transmis-
sion losses, reducing environmental emissions, improving
voltage performance, and improving system reliability and
security while maintaining different equality and inequality
constraints [2].

Although many modern optimization methods have
been applied to the OPF problem, including general
nonlinear optimization techniques, interior point methods,
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and meta-heuristic optimization methods [3], challenges
remain for power systems operators and planners due
to the continuous changes in electrical power systems.
Integrated multi-terminal high voltage direct current trans-
mission MTHVDC grids with AC networks changes the
operation and control strategies of conventional grids [4].
Classical operation methodologies of power systems such as
the economic dispatch, state estimation and optimal power
flow, etc. need to be modified and adapted to this new context
of integrated MTHVDC grids. Due to the importance of the
OPF in operational and grid expansion planning as well as
economic studies, OPF necessitates structural and formation
changes to accommodate large-scale hybrid AC/DC power
systems [5].

Nowadays, the capability of decoupled control of active
and reactive power of the VSC enables the control of
injected/absorbed reactive power to/from connected AC grids
accordingly voltage control of AC side. As well, the VSC
technology can controls the active and reactive power at the
same time at each terminal independent of the DC power
transmission.ModularMultilevel Converters (MMC) enables
parallel connection of VSCs, which allows to form a Multi
terminal high voltage direct current grids [6]. These merits
increase the expand opportunities of integrated AC/MDC
systems. Zhangbei project is the first meshed HVDC grid
worldwide is designed in China to integrate massive amounts
of renewable power in the heavily populated area around
Beijing, being capable of supplying around 9 million people
with clean energy. The first phase of this project, 4 terminals
in a ring connection are planned, with 2 more coming in
the second phase with a 648 km length of DC-grid [7].
Different HVDC transmission projects are under planning
and execution worldwide [8]. Champa-Kurukshetra ultra
HVDC project in India is completed with a 1305 km trans-
mission link which can transmit 4.5 GW of electricity. This
project will enable transmitting electricity from power gen-
erating plants located across the state of Chhattisgarh to a
GE-built rectifier station in Champa [9]. Nelson River HVDC
transmission system in Manitoba is the backbone of power
supply to southern Manitoba from the northern hydroelec-
tric generating stations on the Nelson River. In that project,
bipole 1 has a rating of 1854 MW at ±463kV and transmits
the power from the northern terminal at Radisson Station over
approximately 900 km to the Dorsey terminal nearWinnipeg.
Bipole 2 has a rating of 2000 MW at ±500 kV and transmits
the power to approximately 40 km [10]. The Egyptian/Saudi
electrical interconnection project aims to exchange a capacity
of 3000 MW between the two countries using HVDC bipolar
transmission technology on 500 kV through one substation in
Egypt and two substations in Medina & Tabuk in KSA with
overhead lines on both and a submarine cable crossing the
Gulf of Aqaba [11].

Different grid technologies of MDC grids are possible:
shore-to-shore, radial, meshed, cluster with multi way inter-
connectors, and a combination of interconnectors, amongst
others. Growing penetration of offshore wind and ocean

energy includes wave, tidal current, tidal range, osmotic, and
ocean thermal energies are expected to have higher power
soon [12]. This requires increased reliance on power trans-
mission with HVDC to reduce the investment costs [13].
Voltage regulation capability of the VSC enhances the per-
formance of connected AC grid by generating or consuming
reactive power. A predefined power flow along a certain
transmission cable can be quickly achieved using the VSC
based HVDC. Then, MDC grids can achieve the needed
reliability, flexibility and controllability to meet the main grid
code requirements such as the operating frequency range,
active and reactive power control, support during voltage
dips, and fault ride-through capabilities [14].

One of the adopted solutions of the increased consumer
demand over the capability limits of the ageing power grids
and increased penetration of non-dispatchable renewable
sources is the optimal power flow (OPF). OPF aims at
assigning the most adequate values of generators output pow-
ers, generators voltages, transformers tap settings, outputs
of VAr compensators, FACTS parameters and setting, and
other parameter of newly connected devices to minimize the
predefined objective functions while satisfying the operat-
ing system constraints. OPF searches for the combined eco-
nomic and environmental operation of the electrical power
systems by searching for the effective operating points of
the power systems, which can overcome previous problems
satisfactorily. This optimal condition is distinct with respect
to objective functions reducing generation costs, increasing
system loadability, reducing transmission losses, reducing
environmental emissions, improving voltage performance,
and improving system reliability and security while maintain-
ing the different equality and inequality constraints [2], [15].

Integration of HVDC grids with AC networks changes
the operation and control strategies of conventional grids.
Classical operation methodologies of power systems such as
the economic dispatch [16], state estimation [17] and optimal
power flow [18], etc. need to be modified and adapted to this
new context of integrated MDC grids. Due to the importance
of the OPF in operational and grid expansion planning as
well as economic studies, OPF necessitates structural and for-
mation changes to accommodate large-scale hybrid AC/DC
power systems. The OPF problem becomes even more non-
linear, non-convex and complex problem when applied to
integrated AC/MDC systems where it involves many opti-
mization variables and system constraints [19]. Several lit-
eratures dealt with OPF either for separate AC networks
[20], [21] or separate DC grids [22], [23]. Lately, mathemat-
ical formulation of OPF for AC/MDC networks got a great
attention in literatures such as [5], [24]–[27]. The assessment
of VSC-HVDC systems in a lot of these papers were lim-
ited to two-terminal configuration. While, the embedded of
meshed DC grids into an AC grid increases the complexity
of operation and control analysis of such systems [24], [28].
A few researchers ignore the modelling of some elements
of AC/MDC to simplify the problem such as neglecting the
DC power-flow equations [29]. Although, the VSC systems
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have been included into power flow calculation of a hybrid
AC/MDC systems in many previous literatures as mentioned
earlier, but fewer literatures consider VSC systems under
an optimization context. Peñalbaa et al. [4] solved the hybrid
network using the second-order cone programming (SOCP)
technique. Cao et al. [30] applied the Primal-Dual Interior
Point (PDIP) algorithm as well as modified Jacobian and
Hessian matrices. Feng et al. [24] solved this problem using
the Interior Point Optimizer (IPOPT) to seek solutions for
the non-linear model built in General Algebraic Modelling
System. Zhao et al. [26] introduced an extended OPF model
to consider loss modelling of different converter operation
modes. In those papers, the effect of transformer-tap settings
and VAr compensation in AC grid were ignored whilst the
utilized tools are based on the initial starting point with some
simplifications that reduces the required accuracy.

Manta Ray Foraging Optimizer (MRFO) is a recent opti-
mization algorithm that is designed for handling real-valued
optimization applications. It has been firstly proposed by
Zhao et al. [31], and it is inspired based on the intelligent
and unique strategies of the manta rays in their foraging the
plankton. In [31], its performance is assessed with itemized
comparisons with other recent optimizers in optimizing sev-
eral benchmark and real-world engineering design functions.
In [32], a successful attempt of applying the MRFO has been
carried out for extracting the electrical parameters of proton
exchange membrane fuel cells.

In this paper, an improved manta ray foraging optimizer
(IMRFO) to solving the OPF in electric power systems with
and without emerged technologies of VSC stations. It is
improved to handle multi-objectives by incorporating an out-
ward store for the non-dominated Pareto individuals. The
form of the fitness function is adaptively varied by iteratively
changing their weights. Furthermore, a technique for order
preference by similarity to ideal solution (TOPSIS) is applied
to extract one of the Pareto set as a suitable operating point.
Several applications of the proposed IMRFO are presented
for conventional IEEE 30-bus system, as an AC meshed
power system, and modified IEEE 30-bus with emerged VSC
stations, as a hybrid AC/MDC meshed power system. find
the optimal operation of hybrid AC/MDC grid. For these
applications, a comparative analysis is executed between the
proposed algorithm and several recent algorithms. The main
contribution of this paper can be summarized as follow:
â A new IMRFO is presented for solving the OPF in

electric power systems with and without emerged tech-
nologies of VSC stations.

â A dynamic adaptation to the fitness function is extended
to the IMRFO based on varying the shape of the fitness
in each iteration. Furthermore, a TOPSIS is applied to
select the final candidate operating point of the hybrid
AC/MDC power transmission systems.

â The proposed multi-dimensional framework aims at
minimizing the total fuel costs, the environmental emis-
sions of the generation units and the total losses over the
AC, MDC transmission lines and VSCs stations.

â Effectiveness of the proposed technique has been
checked with detailed assessment with other recent tech-
niques in terms of its solution quality and robustness

â Simulation results show the capability of the proposed
method in finding well distributed Pareto solutions with
preferable operating technical and economic concerns.

The rest sections of this work present the following:
Section 2 shows the principle of the optimal operation of
hybrid grids. Section 3 shows the optimal IMRFO based
operation procedure. Section 4 reports the simulation results
for three hybrid AC/MDC grids. Section 5 concludes the
salient findings.

II. OPF IN CONVENTIONAL AC POWER SYSTEMS
A. OPF OBJECTIVES
TheOPF problemmathematical model in conventional power
systems is generally formulated as follows:

Min OF = {F1(x,y),F2(x,y)....,FM(x,y)} (1)

Subject to: g(x,y) = 0 (2)

h(x,y) ≤ 0 (3)

where, OF is the vector of M objective functions; x and
y are the decision and dependent variables, respectively.
Therefore, the OPF is a nonlinear, multimodal, and multi-
objective optimization problem for minimizing the fuel
generation costs (FGC) and the total environmental emis-
sions (TEE) of the generation stations. Besides that, the total
transmission losses are considered. The FGC are modeled
considering the multiple ripples that are accompanied to the
valve point loading effect, as in practical power system. Thus,
the fuel generation costs can bemodeled as rectified sinusoids
added to the polynomial quadratic costs and it is expressed as
follows as:

FGC =
Ng∑
i=1

aiPg2i + biPgi + ci +
∣∣ei(sinfi(Pgi,min − Pgi))

∣∣
(4)

where, Pgi is the MW active power output of each generator
i; ai, bi, and ci are the corresponding cost coefficients; Pgi,min
is the lower limit of the active power output; ei, and fi are the
valve point loading coefficients.

In power systems, the fossil-fueled generators are the main
source of the atmospheric pollutants where sulphur oxides
(Sox), nitrogen oxides (NOx) and second carbon oxide (CO2)
are emitted. The total environmental emissions (TEE) in
ton/hr of these pollutants can be modeled as the summation
of quadratic and exponential function in terms of the output
power as follows:

TEE =
Ng∑
i=1

(γiPg2i + βiPgi + αi)/100+ ζie
λiPgi (5)

where γi, βi, αi, ξi, and λi are the emission coefficients of the
atmospheric pollutants.
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Also, the total transmission losses in AC power systems is
another objective to be minimized as:

TTLAC =
∑

i,j∈NAC,b

Gij

(
V2
i + V2

j − 2ViVjcosθij
)

(6)

B. OPF CONSTRAINTS IN AC POWER SYSTEMS
For the OPF problem in AC power systems, the decision
variables are the power outputs of the generators (Pg1,
Pg2, . . . . . .PgNg), its voltages (Vg1, Vg2, . . . . . . .,VgNg),
VAR injection of the reactive power sources (Qc1,
Qc2, . . . . . . ,QcNq), and transformer tap settings (Tap1,
Tap2, . . . . . . ,TapNt) where, Ng, Nq, and Nt are the num-
ber of generators, the number of the VAR sources, and
the number of tap changing transformers, respectively.
On contrary, the dependent variables are load voltage magni-
tudes (VL1, . . . . . . ,VLNPQ), VAR outputs of the generators
(Qg1, Qg2, . . . . . . .,QgNg), and transmission line power flow
(SF1, . . . . . . ,SFNF) where, NPQ and NF are the number of
load buses and lines, respectively.

Firstly, the equality constraints of the load flow balance
equations must be maintained as follows:

Qgi − QLi + Qci − Vi

Nb∑
j=1

Vj(Gijsinθij − Bijcosθij) = 0,

i = 1,2, . . .NPQ (7)

Pgi − PLi − Vi

Nb∑
j=1

Vj(Gijcosθij + Bijsinθij) = 0,

i = 1, . . .Nb − slack (8)

where, Nb is the number of buses; PL and QL are the active
and reactive power demand, respectively; Gij and Bij are
mutual conductance and susceptance between bus i and j,
respectively.

Secondly, the operational variables have to be satisfied
within the corresponding constraints as follows [33], [34]:

Pgmin
i ≤ Pgi ≤ Pgmax

i , i = 1, 2, .......Ng (9)

Vgmin
i ≤ Vgi ≤ Vgmax

i , i = 1, 2, .......Ng (10)

Qgmin
i ≤ Qgi ≤ Qgmax

i , i = 1, 2, .......Ng (11)

Tapmin
k ≤ Tapk ≤ Tapmax

k , k = 1, 2, .......Nt (12)

Qcmax
q ≤ Qcq ≤ Qcmax

q , q = 1, 2, .......Nq (13)

Vmin
Li ≤ VLi ≤ Vmax

Li , i = 1, 2, .......NPQ (14)

|SF| ≤ Smax
F , L = 1, 2, .......Nf (15)

where the superscripts ‘‘min’’ and ‘‘max’’ indicate the mini-
mum and maximum limits of the related variable.

III. OPTIMAL POWER FLOW IN HYBRID AC/MDC POWER
SYSTEMS
A. VSCS MODEL IN AC/MDC POWER SYSTEM
The equivalent circuit of a VSC station is illustrated in Fig. 1.
As shown, the VSC is modeled as a controlled voltage source
(Vci) that is connected to the AC system buses via its phase

FIGURE 1. Equivalent circuit of the VSC station [35].

reactor and transformer which have equivalent impedance
(Rik+jXik). Vsk refers to the bus voltage at AC system. Thus,
the injected MVA (Ski) into VSCs from the AC system is
given by:

Ski = Pki + jQki = VskI∗ki, i = 1....NVSC, k = 1.....Nac

(16)

where, P and Q are the injected active and reactive power,
respectively. NVSC and Nac are the number of VSCs and the
connected AC buses, respectively. Iki is the corresponding
injected current which can be calculated as:

Iki =
Vsk − Vci
Rik + jXik

(17)

From (1) and (2); the active and reactive power at each con-
verter side (Pci+jQci) and the corresponding AC connected
side (Psk+jQsk) can be represented as:

Pci = −Vc2i Gik + VskVci[Gikcos(θki)+ Biksin(θki)] (18)

Qci = −Vc
2
i Bik − VskVci[Giksin(θki)+ Bikcos(θki)] (19)

Psk = Vs2kGik − VskVci[Gikcos(θki)+ Biksin(θki)] (20)

Qsk = −Vs
2
kBik − VskVci[Giksin(θki)− Bikcos(θki)] (21)

where, G and B are the conductance and susceptance of
the DC line, respectively; θki is the phase angle difference
between the VSC and the connected AC bus.

B. OPF FORMULATION IN HYBRID AC/MDC POWER
SYSTEMS
In hybrid AC/MDC power systems, the OPF problem targets
the similar multi-objective functions without jeopardizing the
regarded constraints to both AC and MDC power transmis-
sion systems. It is handled as a multi-objective optimization
problem for minimize the FGC, TEE and TLL. The TLL in
hybrid AC/MDC power systems is formulated in Eq. (22)
which are three parts incorporating the power losses in the
AC power systems of Eq. (6), VSCs stations of Eq. (23), and
MDC power systems of Eq. (24).

TLL = TLLAC + TLLDC + TLLVSC (22)

TLLDC =
∑

i,j∈NDC,b

RijI2ij (23)

TLLVSC =

NVSC∑
i=1

ϕ1,iI2c,i + ϕ2,iIc,i + ϕ3,i (24)
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where ϕ1, ϕ2, and ϕ3 are the loss coefficients related to each
VSC. As shown, the VSC losses is generalized in a quadratic
formula with the injected VSC current (Ici) [36]:

1) DECISION AND DEPENDENT VARIABLES OF THE OPF IN
HYBRID AC/MDC POWER SYSTEMS
In AC/MDC power systems, the decision variables can be
classified into two categories. Firstly, the conventional con-
trols in the AC grids which are previously mentioned in
Section II.B. Secondly, the advanced control of the VSC type
devices where there are four classes of the control strate-
gies [36]:

1. Vdc-Qc constant control: This mode provides constant
voltage at DC side with constant reactive power at AC
side.

2. Vdc-Vc constant control: This mode provides constant
voltage at DC and AC sides.

3. Pdc-Qc constant control: This mode provides constant
active power transferred in the DC line with constant
reactive power at AC side.

4. Pdc-Vc constant control: This mode provides constant
active power transferred in the DC line with constant
AC voltage.

Similarly, the dependent variables can be classified related
to AC side and MDC side. For the AC side, the dependent
variables are same asmentioned in Section II.B. For theMDC
side, the dependent variables are the DC bus voltages and the
power flow though the DC lines.

2) CONSTRAINTS OF THE OPF IN HYBRID AC/MDC POWER
SYSTEMS
In addition to Eqs. (7 and 8), the DC system power flow must
be considered as equality constraints as:

Pdc,i = Vdc,i

NVSC∑
i = 1
i 6= j

Gdc,ij(Vdc,i − Vdc,j) (25)

where, Pdc,i is the injected power at bus i. Moreover, the oper-
ational variables for theDC systems, in addition to Eqs. (9 and
15), must be satisfied within the corresponding constraints as
follows:

Psmin
i ≤ Psi ≤ Psmax

i , i = 1, 2,....... NVSC (26)

Qsmin
i ≤ Qsi ≤ Qsmax

i , i = 1, 2,....... NVSC (27)

Vcmin
i ≤ Vci ≤ Vcmax

i , i = 1, 2,....... NVSC (28)

Vmin
dc,i ≤ Vdc,i ≤ Vmax

dc,i , i = 1, 2, .......NDC (29)

dmin
i /2 ≤

√
(Psi − Po)2 − (Qsi − Qo)2 ≤ dmax

i /2,

i = 1, 2,....... NDC (30)

where, (Po, Qo) is the circles centre related to the VSC
PQ-capability curve with diameter of d. ‘‘min’’ and ‘‘max’’
superscripts indicate the minimum and maximum limits of
their related variable. Eq. (30) represents the PQ capability
curve of each VSC that must be maintained.

IV. PROPOSED IMRFO FOR OPF IN HYBRID AC/MDC
POWER TRANSMISSION SYSTEMS
A. MRFO ALGORITHM
Manta Ray Foraging Optimizer (MRFO) is a recent algo-
rithm [31], which is inspired from the intelligent and unique
strategies of themarinemanta rays in their foraging. It mimics
three distinct individual foraging organizations of the manta
rays. The first one is the chain foraging where some of the
manta rays forage in a small cooperative way since they are
organized in an orderly line to funnel the greatest quantity of
plankton into their gills. The second is the cyclone foraging
where many manta rays are linked up in a spiral shape to
create a centralized spiraling peak. This forces the water
up towards the surface and withdraws the plankton inside
their mouths. The latter strategy is the somersault foraging.
The manta rays search for the planktons’ position and swim
towards them. The manta rays indicate the individuals in the
search space that seek for the minimum fitness which is the
planktons’ position.

The MRFO begins with initialization stage after iden-
tifying the population number (PN) of the manta rays
and the maximum number of iterations (MIt). Thus, the
D-dimensional individuals (Y) can be initially created as:

Ym,n = Ymin
n + r.(Ymax

n − Ymin
n ) ∀m ∈ PN & n ∈ D (31)

where, Ym,n is the individual of each decision variable (n) of
each manta ray (m); r indicates a random uniformly dis-
tributed number within range [0, 1]. The superscripts ‘min’
and ‘max’ refer to the bounds of the decision variables.

In the first strategy, which is the chain foraging, every
individual is updated as follows:

Y∗m,n =


Ym,n + (YB,n − Ym,n)(r+ σ ) if m = 1
Ym,n + r(Ym-1,n − Ym,n)+ σ (YB,n − Ym,n)
∀m = 2:PN

(32)

where, Y∗ and Y are the new and old position of the manta
ray at the following iteration. YB is the best position of the
plankton food that has the highest concentration or fitness. σ
is a weight coefficient that is varied each iteration as:

σ = 2.r.
√
|log(r)| (33)

As shown, the new position of the manta ray is generated
based on the best individual and the preceding one.

In the second strategy, which is the cyclone foraging,
the iterations are equally divided into two parts. The first
half focus on improving the exploration of the MRFO.
Consequently, each individual is updated, in the first half of
iterations, as follows:

Y∗m,n =


YR,n + (YR,n − Ym,n)(r+ β) if m = 1
YR,n + r(Ym-1,n − Ym,n)+ β(YR,n − Ym,n)
∀m = 2:PN

(34)

where, YR is a created individual in a random way within the
considered bounds as follow:

YR,n = Ymin
n + r.(Ymax

n − Ymin
n ) ∀n ∈ D (35)
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TABLE 1. Initial table for proposed topsis method.

where, β is an adaptive weight coefficient which is varied by
the following equation:

β = 2 er1(
MIt−It+1

MIt
)
.sin(2πr1) (36)

where, It is the current iteration and r1 a random uniformly
distributed number within range [0, 1]. The second half of the
iterations focus on improving the exploitation of the MRFO.
Regarding to that, each individual is updated as follows:

Y∗m,n =


YB,n + (YB,n − Ym,n)(r+ β) if m = 1
YB,n + r(Ym−1,n − Ym,n)+ β(YB,n − Ym,n)
∀m = 2:PN

(37)

In the third strategy, which is the somersault foraging, the
position of each manta ray is updated around the best
extracted position as follows:

Y∗m,n = Ym,n + S(r2YB,n − r3Ym,n) ∀m ∈ PN & n ∈ D

(38)

where S is the somersault coefficient (S = 2) that controls
the somersault domain of the manta rays and, r2 and r3 are
random numbers within range [0, 1].

B. PROPOSED IMRFO FOR MULTI-OBJECTIVE OPF IN
AC/MDC POWER SYSTEMS
In the MRFO, the new positions are generated based on the
chain foraging strategy of Eq. (32), the cyclone foraging
strategy of Eqs. (35 and 37), or the somersault foraging
of Eq. (38). The MRFO is fundamentally sensitive to the
best position of the plankton food. Therefore, the proposed
IMRFO creates an adequate adaptation to the fitness function
based on dynamic variation of the shape of the fitness in
each iteration using dynamic weighting factor. Therefore,
the objective function can be formulated as follows:

O =
M∑
i=1

ωi
Fi

Fimax (39)

ω1 =

1 if It < MIt/3

1−
It
MIt

else
(40)

ωi =
1− ω1

M
, i = 2,3,. . .M (41)

where, ωi is the weight factor related to each objective (i).
Based on (40−41), the considered fitness function is dynam-
ically changed in a single simulation operation which results FIGURE 2. Proposed IMRFO for handling the multi-objective OPF.
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TABLE 2. Simulation results for Case 1 of the IEEE 30-bus system.

TABLE 3. Comparisons for minimizing the FGC (Case 1A) for the
IEEE 30-bus system.

in high diversity in the individuals with high intensifications
on an adaptive normalized goal. The normalization process
that is integrated with the weights variation results in equal
handling of the various objectives.

For creating Pareto individuals, the proposed IMRFO is
evolved incorporating an external repository to store the non-
dominated solutions and so Pareto dominance is utilized to
update this repository. In each iteration, the updated individ-
uals are compared to existed Pareto solutions in the repos-
itory to exclude the dominated solutions. Consequently, it is
updated and if it is fulfilled, a removing strategy is applied by
deleting some of the Pareto candidates in the most crowded
areas via roulette wheel selection [37].

For handling the OPF problem, the balance equations in
AC power system of Eqs. (7 and 8) and in MDC power

TABLE 4. Comparisons for minimizing the TEE (Case 3) for the
IEEE 30-bus system.

system of Eq. (25) are guaranteed inherently via sequential
AC/DC power flow method [38]. For the operational limits
of the decision variables, they are started satisfying their
bounds and if any of them is violated during the iterations,
it is randomly re-generated within the following appropriate
range. For the operational limits of the dependent variables in
AC/MDC power transmission systems, they are augmented
in the considered objective functions using quadratic penalty
terms. On this basis, the solution, which causes any violation
in the constraints of the dependent variables, couldn’t be
selected in the next iteration. Thus, each new position is com-
pared to its equivalent in preceding iteration in terms of the
attained objectives. The new position substitutes the prior one
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FIGURE 3. IEEE 30-bus system.

if the new position doesn’t be dominated by it. This method
preserves the diversity and ameliorates the solution quality.
Therefore, a set of pareto optimal solutions is generated and
stored. Fig. 2 depicts the flowchart of the proposed IMRFO
for optimal operation of for OPF in hybrid AC/MDC power
systems.

To extract the compromise operating point, a technique
for order preference by similarity to ideal solution (TOPSIS)
is implemented to select a compromise solution to achieve
the operator requirements. TOPSIS is a technique to choose
the optimal alternative (A) from multi alternatives with multi
criteria (X) [39]. Table 1 shows the initial table for proposed
TOPSIS method. In table, the alternatives are the hundred
optimal solutions that are stored in the archive while each of
criteria is represented by one of the OFs as follow:-

Xij =


x11 x12 . . . . . . x15
x21 x21 . . . . . . x21
...

...
. . .

...

x1001 x1002 · · · x1005

 (42)

where, Xij is the alternative for each Pareto solution (i) and
regarded criteria (j). As each of criteria has a differentmeasur-
ing unit, each alternative is represented by a set of normalized
parameter value as follow:

aij = wj
xij√
100∑
i=1

x2ij

(43)

FIGURE 4. Convergence curve of the proposed algorithm for a. FGC
Minimization, b. TLL Minimization, and c. Minimization of the TEE.

A =


a11 a12 . . . . . . a15
a21 a22 . . . . . . a25
...

...
. . .

...

a1001 a1002 · · · a1005

 (44)

where, w is the weighting factor of each OF; i is the number
of the current alternative and j is the number of the current
criteria; A is the normalized decision matrix. If the weighting
factors are equal, the coordinates a∗j of the positive ideal
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FIGURE 5. Pareto solutions for Case 4 of the IEEE 30-bus system.

solution A∗=(a1∗, a2∗, . . . . . . , a∗5) is selected according to
the type of the OF (maximization or minimization) using the
formula:-

a∗j =

{
max aij j = 1, · · · , 5 for maximization OF
min aij j = 1, · · · , 5 for minimizaition OF

(45)

If some of the alternative Ai is equal to A∗ so Ai is the
optimal solution. If it is not TOPSIS continues. Selecting
the coordinates a♦j of the negative ideal solution A♦

=(a♦1 ,

a♦2 , . . . . . . , a
♦
5 ) according to the type of the problem (maxi-

mization or minimization) using the formula:-

a♦j =

{
min aij j = 1, · · · · · · 5 for maximization OF
max aij j = 1, · · · · · · 5 for minimizaition OF

(46)

Then, the Euclidean distance between each normalized
decision vector and the ideal solutions is calculated as
follows:

d∗i = d(Ai,A∗) =

√√√√√ 5∑
j=1

(aij − a∗j )
2 (47)

d♦i = d(Ai,A♦) =

√√√√√ 5∑
j=1

(aij − a
♦

j )
2 (48)

where, d∗i and d♦i are the deviational values from and the
positive and negative ideal solution, respectively.

After that, the relative closeness parameter (Di) for each
Pareto solution (i) is estimated as:

Di =
d♦i

d∗i + d
♦

i

(49)

V. SIMULATION RESULTS
The proposed IMRFO is applied on two power systems.
The first system is the conventional IEEE 30-bus system,
as an AC meshed power system, while the second one is

FIGURE 6. Pareto solutions for Case 5 of the IEEE 30-bus system.

FIGURE 7. Pareto solutions for Case 6 of the IEEE 30-bus system.

the modified IEEE 30-bus with emerged VSC stations, as a
hybrid AC/MDC meshed power system.

A. SIMULATION RESULTS OF THE IEEE 30-BUS TEST
SYSTEM
This system originally consists of 30 buses, 41 lines, 6 gen-
erators, 4 on-load tap changing transformers and 9 shunt
capacitive sources as depicted in Fig. 3.

All data of transmission lines, system buses, and the limits
of reactive power generations are taken from [40]. The max-
imum and minimum limits of the load buses voltages and
tap changing transformer are 1.1 and 0.9 p.u., respectively.
The maximum and minimum values for the generator voltage
are 1.1 and 0.95 p.u., respectively. The VAR injections of the
capacitive sources are limited by 5 MVA [41]. The proposed
IMRFO is applied with number of solutions of 25 and maxi-
mum number of iterations of 300.

Six cases are considered for this system including single
and multi-objectives as;
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TABLE 5. Simulation results for Case 1 of the AC/MDC system.

Case 1:Minimization of the FGC;
Case 2:Minimization of the TLL;
Case 3:Minimization of the TEE;
Case 4: Minimization of the FGC and TEE bi-objective

functions;
Case 5: Minimization of the FGC, the TLL bi-objective

functions;
Case 6: Minimization of the sinusoidal model of FGC,

the TEE and the TLL tri-objective functions.

1) RESULTS OF SINGLE OBJECTIVE OPF
Tables 2 tabulates the optimal values of the decision vari-
ables and the related results of the algorithm for a single
objective of FGC, TLL and TEE minimization for Cases 1-3
respectively.

Firstly, the FGC objective model of Eq. (4) is con-
sidered which as Case 1A and the proposed IMRFO is
applied. From Table 2, the FGC objective is reduced
from 975.64 to 830.6795 $/h with a reduction of 14.86%

compared with the initial case. Secondly, the quadratic model
of the FGC objective is considered in Case 1B neglecting
the valve loading point. In this case, the proposed algorithm
can minimize the FGC to 798.99 $/h. Table 3 provides
comparisons for minimizing the FGC (Case 1A) for the
IEEE 30-bus system considering several reported algorithms
in the literature. As shown, the proposed algorithm has
great outperformance compared with artificial bee colony
(ABC) [42], teaching-learning algorithm [43], differential
evolution (DE) [41], symbiotic organisms search (SOS) [44],
moth swarm algorithm (MSA) [45], developed grey wolf
algorithm (DGWA) [46], improved moth flame algorithm
(IMFA) [47], grasshopper optimizer (GO) [48], adaptive
grasshopper optimizer (AGO) [48].

In the second case, the TLL objective is reduced from
5.596 to 2.846 MW with a reduction of 49.14% compared
with the initial case. In the third case, the TEE objective
is reduced from 0.2390963 to 0.204754 ton/h. Table 4 pro-
vides comparisons for minimizing the TEE (Case 3) for the
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TABLE 6. Simulation results for Case 2 of the AC/MDC system.

IEEE 30-bus system considering several reported algo-
rithms in the literature. As shown, the proposed algorithm
has great outperformance compared to artificial bee colony
(ABC) [42], krill herd algorithm (KHA) [49], stud krill herd
algorithm (SKHA) [49], adaptive real coded biogeography-
based optimization (ARBO) [50], teaching learning-based
optimization (MTLBO) [51], modified teaching learning-
based optimization (MTLBO) [51], grasshopper optimizer
(GO) [48], adaptive grasshopper optimizer (AGO) [48].

Figs. 4 a, b, and c display the convergence characteristics
of the proposed algorithm for the Cases 1-3 that describe
the high capability of the proposed IMRFO in finding the
minimum considered objective. The progress through the
iterations illustrates the ability to evolutionarily search for
the optimal solution.

2) RESULTS OF MULTI-OBJECTIVE OPF OPTIMIZATION
In this subsection, a multi objective optimization of OPF
is performed using the proposed IMRFO for bi-objective
(Cases 4 and 5) and tri-objective functions (Case 6).
Table 2 shows the values of the decision variables and
the corresponding results for Cases 4-6. Figs. 5-7 display,
respectively, the Pareto set solutions for OPF with
bi-objective functions FGC and TEE minimization (Case 4),
bi-objective functions FGC and TLL minimization (Case 5)
and tri-objective functions FGC, TEE and TLL minimization
(Case 6). The obtained result in these figures clarify that the
capability of the proposed IMRFO to extract best compromise
of the objective functions. In comparison with Cases 1-3, the
best compromise FGC, TEE and TLL are close to the single
objective achieved values. Fig. 8 shows the voltage profile of
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TABLE 7. Simulation results for Case 3 of the AC/MDC system.

the AC power system for the initial case, single objective OPF
cases, and multi-objective cases using the proposed IMRFO.
As shown, all the buses voltages are within the allowable
limits. In addition, high improvement is illustrated since the
minimum voltage at the initial case of 0.9012 pu. at bus
30 becomes 1.0712 pu. for Case 1A, 1. 07056 pu. for Case 1B,
1. 06912 pu. for Case 2, 1.02923 pu. for Case 3, 1.0501 pu.
for Case 4, 1.0303 pu. for Case 5, and 1.0272 pu. for Case 6.

B. SIMULATION RESULTS OF THE MODIFIED IEEE 30-BUS
WITH EMERGED VSC STATIONS
The IEEE 30-bus is modified with emerged VSC stations,
as a hybrid ac/mdc meshed power system. The modified
system has two MDC grids [28] as depicted in Fig. 9.
The control mode of the VSCs in the first MDC grid of
the modified 30-bus system are; VSC 1 is Vdc-Qc con-
trol mode, VSCs 2 and 3 are in Pdc-Vc constant control.
In the second MDC grid, VSC 4 is Vdc-Qc control mode
whilst VSCs 5 and 6 are in Pdc-Vc constant control. The

converting power for the VSCs are considered of 100 MVA
where the maximum and minimum voltages of the VSCs
and DC buses are 1.1 and 0.9 p.u., respectively. The VAR
injections of the capacitive sources are limited by 5 MVA.
To evaluate the effectiveness of the proposed IMRFO, various
recent algorithms are employed for the same target such
as GWO [52]; PSO; SSA [38]; MVO [53]; dragonfly algo-
rithm (DA) [54]; crow search optimization algorithm (CSO)
[55], [56]; Bat algorithm (BAT) [57], [58]; Marine predator
optimizer (MPO) [59] are employed to solve the considered
problem. The competitive algorithms have the same number
of solutions (50) while the IMRFO has half these number
of solutions as it provides two function evaluation in the
iteration. They are 15 independent runs are considered.

1) RESULTS OF SINGLE OBJECTIVE OPF
In this subsection, the proposed IMRFO and several compet-
itive techniques are applied for optimal operation of hybrid
AC/MDC system with a single objective of FGC, TLL and
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FIGURE 8. Voltages of the AC grid of the IEEE 30-bus system.

FIGURE 9. Modified IEEE 30-bus system with six emerged VSC stations
and two MDC power systems.

TEE minimization for Cases 1-3, respectively. The optimal
values of the decision variables and the regarded results
are given in Tables 5-7, respectively. As shown, from the
obtained results the FGC, given in Table 5, is reduced from
975.64 to 840.3 $/h with a reduction of 13.87% compared

FIGURE 10. Convergence rates of IMRFO Case 1.

with the initial case using the IMRFO, while the reduction
percentage using the GWO, PSO, SSA, MVO, DA, CSO,
BAT andMPO are 12.42%, 13.26%, 9.24%, 12.96%, 12.01%,
12.99%, 12.56% and 13.75%, respectively, compared with
the initial case. Fig. 10 displays the convergence rates of the
compared algorithms for handling Case 1. It declares the great
characteristics of the proposed IMRFO in developing the best
solution compared to the others.

Also, the proposed technique succeeds in achieving the
minimum TLL which is the primary objective function in
Case 2. It is superior to other techniques as listed in Table 6.
The total power losses are reduced from 11.924 MW to
8.57 MW with a reduction of 28.12% using the proposed
MRFO while the reduction achieved by other competitive
techniques are 9.02%, 23.87%, -7.36%, 24.48%, 17.78%,
19.68%, 20.79% and 26.62% using the GWO, PSO, SSA,
MVO, DA, CSO, BAT and MPO, respectively. For han-
dling Case 2, Fig. 11 displays the convergence rates of the
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FIGURE 11. Convergence rates of IMRFO Case 2.

FIGURE 12. TEE minimization convergence rates of IMRFO for Case 3.

compared algorithms which states the great characteristics of
the proposed IMRFO in developing the best solution com-
pared to the others.

TABLE 8. Multi-objective simulation results for IEEE 30-bus system.

Similarly, the proposed technique succeeds in achieving
the minimum TEE, Case 3, which is reduced from 0.242 to
0.203 ton/hr by a reduction of 16.11%, while other techniques

FIGURE 13. Voltages of the AC grid for Cases 1-3.
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can’t achieve this value as given in Table 7. In this table,
another achievement is noticed in the technical point of view
with power losses reduction by 24.3 %. Fig. 12 shows the
convergence rates of the proposed algorithm compared to the
other recent algorithms for Case 3. From this figure, the high
capability of the IMRFO in finding the minimum considered
objective is clarified compared to the others. The progress
through the iterations illustrates the ability to evolutionarily
search for the optimal solution.

These results illustrate that the proposed algorithm outper-
forms the others to optimally operate the hybrid AC/MDC
power system for single objective cases with significant
achievement for each separate objective function.

Also, the voltage profile of the Ac grids is greatly improved
with the proposed technique as shown in Fig. 13.

2) RESULTS OF MULTI-OBJECTIVES OPF FOR THE AC/MDC
SYSTEM
The complexity of OPF of the hybrid AC/MDC systems as
well as the variety of the decision variables makes it difficult
for most of the competitive techniques to achieve the optimal
solution especially for multi-objective cases. therfore, a multi
objective OPF optimization in hybrid AC/MDC systems
are hamdled via the proposed IMRFO for bi-objective and
tri-objective functions.

Table 8 shows the decision variables’ settings and the
corresponding results for the three multi-objective cases.
Figs. 14-16 depict, respectively, the Pareto set solutions for
optimal operation of AC/MDC with bi-objective functions
FGC and TEE minimization (Case 4), bi-objective func-
tions FGC and TLL minimization (Case 5) and tri-objective
functions FGC, TEE and TLL minimization (Case 6). The
obtained results in these figures clarify that the proposed
IMRFO gives best compromise of the objective functions.
In comparison with Cases 1-3, the best compromise FGC,
TEE and TLL are close to the single objective achieved

FIGURE 14. Pareto solutions for Case 4.

FIGURE 15. Pareto solutions for Case 5.

FIGURE 16. Pareto solutions for Case 6.

values. In Case 4, the available compromise solutions,
between FGC minimization and TEE minimization, are
obtained starting from FGC about 840 ($/hr) and TEE about
0.44 (ton/hr) to FGC about 10432 ($/hr) and TEE about 0.209
(ton/hr) passing through the optimal solution FGC of 870.9
($/hr) and TEE of 0.295 (ton/hr) as shown in Fig. 14.

In Case 5, several compromise solutions are obtained
between FGC minimization and TLL minimization starting
from FGC about 848 ($/hr) and TLL about 14.3 (MW)
to FGC about 994 ($/hr) and TLL about 9.5 (MW) pass-
ing through the optimal solution FGC of 873.8 ($/hr)
and TLL of 11.73 (MW) as shown in Fig. 15. Similarly,
in Fig. 16 well-distributed solutions are obtained including
the optimal compromise solution of FGC of 882.6 ($/hr), TEE
of 0.2649 (ton/hr) and TLL of 10.85 (MW). Fig. 17 shows
the voltage profile of AC grid for the initial case, and
multi-objective cases using the proposed IMRFO, where all
buses voltages are within the allowable limits.
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FIGURE 17. Voltages of AC grid for multi-objective cases.

VI. CONCLUSION
In this paper, an improved version of manta ray foraging algo-
rithm (IMRFO) has been presented for the optimal operation
of AC meshed and hybrid AC/MDC meshed power systems
with emerged VSC stations. The multi-objective formulation
of optimal operation of the hybrid grid aims at minimizing
the total fuel costs, the total atmospheric environmental emis-
sions related to the generation stations and minimizing the
total power losses in the VSCs stations, AC, and MDC power
systems. The proposed IMRFOmimics three distinct individ-
ual foraging organizations of the manta rays. It is upgraded
integrating an external Pareto repository to conserve the
non-dominated manta ray’s positions. Furthermore, a TOP-
SIS is utilized to select the final candidate operating point of
the hybrid AC/MDC power grid. The applicability of the pro-
posed IMRFO has been verified through conventional IEEE
30-bus system, as an AC meshed power system, and mod-
ified IEEE 30-bus with emerged VSC stations, as a hybrid
AC/MDCmeshed power system. Assessment of the proposed
solution methodology is employed with significant improve-
ments compared with several recent algorithms. Significant
technical improvements are achievedwith reducing the power
losses as well as the environmental emissions. The simulation
results demonstrate the effectiveness and preponderance of
the proposed algorithm with great stability indices over the
others for single and multi-objective cases. Nevertheless,
the proposed method has well-diversified Pareto solutions
while a compromise operating point is effectively produced
to satisfy the operator requirements.

REFERENCES
[1] A. Eltved, J. Dahl, and M. S. Andersen, ‘‘On the robustness and scalability

of semidefinite relaxation for optimal power flow problems,’’Optim. Eng.,
vol. 21, no. 2, pp. 375–392, Jun. 2020.

[2] E. Mohagheghi, M. Alramlawi, A. Gabash, and P. Li, ‘‘A survey of real-
time optimal power flow,’’ Energies, vol. 11, no. 11, p. 3142, Nov. 2018,
doi: 10.3390/en11113142.

[3] F. Zohrizadeh, C. Josz, M. Jin, R. Madani, J. Lavaei, and S. Sojoudi,
‘‘A survey on conic relaxations of optimal power flow problem,’’ Eur. J.
Oper. Res., vol. 287, no. 2, pp. 391–409, Dec. 2020.

[4] M. Aragüés-Pen̄alba, T. L. Nguyenb, R. Caireb, A. Sumpera,
S. Galceran-Arellano, and Q.-T. Tranb, ‘‘General form of consensus
optimization for distributed OPF in HVAC-VSCHVDC systems,’’ Electr.
Power Energy Syst., vol. 121, Oct. 2020, Art. no. 106049.

[5] M. Hotz and W. Utschick, ‘‘Hynet: An optimal power flow framework for
hybrid AC/DC power systems,’’ IEEE Trans. Power Syst., vol. 35, no. 2,
pp. 1036–1047, Mar. 2020.

[6] A. Korompili, Q. Wu, and H. Zhao, ‘‘Review of VSC HVDC connection
for offshore wind power integration,’’ Renew. Sustain. Energy Rev., vol. 59,
pp. 1405–1414, Jun. 2016.

[7] ABB. Zhangbei: The World’s First DC-Grid with HVDC Light. [Online].
Available: https://new.abb.com/systems/hvdc/references/zhangbei

[8] M. Gul, N. Tai, W. Huang, M. H. Nadeem, M. Ahmad, and M. Yu,
‘‘Technical and economic assessment of VSC-HVDC transmission model:
A case study of south-western region in Pakistan,’’ Electronics, vol. 8,
no. 11, p. 1305, Nov. 2019.

[9] Fifth Power System Development Project: Environmental Assessment (Vol.
18) : 800 kV, 3000 MW HVDC Bipole Between Champa Pooling Station
and Kurukshetra (WR-NR Interconnector for IPP Projects in Chattish-
garh). [Online]. Available: https://documents.worldbank.org/curated/en/
397261468267582972/pdf/E20890v180EA0I00Box
385346B00PUBLIC0.pdf

[10] R. A. Valiquette, ‘‘HVDC life extension for Nelson river HVDC system,’’
in Proc. IEEE Winter Meeting Power Eng. Soc., New York, NY, USA,
Jan. 2002, pp. 27–31.

[11] Egyptian Electricity Holding Company Annual Reports
2017–2018. Accessed: Jan. 2020. [Online]. Available:
http://www.moee.gov.eg/english_new/EEHC_Rep/2018-2019en.pdf

[12] European Wind Energy Association, ‘‘The European offshore wind
industry key 2011 trends and statistics,’’ EWEA, Brussels, Belgium,
Tech. Rep. 1, Jan. 2012. [Online]. Available: http://large.stanford.
edu/courses/2012/ph240/pratt1/docs/EWEA_stats_offshore_2011_01.pdf

[13] J. F. Chozas, H. C. Soerensen, and M. Korpas, ‘‘Integration of wave and
offshore wind energy in a European offshore grid,’’ in Proc. 20th Int.
Offshore Polar Eng. Conf., vol. 7, Beijing, China, 2010, pp. 926–933.

[14] S. Rodrigues, R. T. Pinto, P. Bauer, and J. Pierik, ‘‘Optimal power flow con-
trol of VSC-based multiterminal DC network for offshore wind integration
in the north sea,’’ IEEE J. Emerg. Sel. Topics Power Electron., vol. 1, no. 4,
pp. 260–268, Dec. 2013.

166978 VOLUME 8, 2020

http://dx.doi.org/10.3390/en11113142


E. E. Elattar et al.: OPF With Emerged Technologies of VSC Stations in Meshed Power Systems

[15] J. Lin, V. O. K. Li, K.-C. Leung, and A. Y. S. Lam, ‘‘Optimal power
flow with power flow routers,’’ IEEE Trans. Power Syst., vol. 32, no. 1,
pp. 531–543, Jan. 2017, doi: 10.1109/TPWRS.2016.2542678.

[16] A. A. Hamad and E. F. El-Saadany, ‘‘Multi-agent supervisory control for
optimal economic dispatch inDCmicrogrids,’’ Sustain. Cities Soc., vol. 27,
pp. 129–136, Nov. 2016, doi: 10.1016/j.scs.2016.02.016.

[17] V. Donde, X. Feng, I. Segerqvist, and M. Callavik, ‘‘Distributed state
estimation of hybrid AC/HVDC grids by network decomposition,’’ IEEE
Trans. Smart Grid, vol. 7, no. 2, pp. 974–981, Mar. 2016.

[18] J. Li, F. Liu, Z. Wang, S. H. Low, and S. Mei, ‘‘Optimal power flow
in stand-alone DC microgrids,’’ IEEE Trans. Power Syst., vol. 33, no. 5,
pp. 5496–5506, Sep. 2018.

[19] S. Sayah, ‘‘Modified differential evolution approach for practical optimal
reactive power dispatch of hybrid AC-DC power systems,’’ Appl. Soft
Comput., vol. 73, pp. 591–606, 2018.

[20] L. Roald and G. Andersson, ‘‘Chance-constrained AC optimal power
flow: Reformulations and efficient algorithms,’’ IEEE Trans. Power Syst.,
vol. 33, no. 3, pp. 2906–2918, May 2018.

[21] M. B. Shafik, H. Chen, G. I. Rashed, and R. A. El-Sehiemy, ‘‘Adaptive
multi objective parallel seeker optimization algorithm for incorporating
TCSC devices into optimal power flow framework,’’ IEEE Access, vol. 7,
pp. 36934–36947, 2019.

[22] J. Duan, W. Zeng, and M.-Y. Chow, ‘‘Resilient distributed DC optimal
power flow against data integrity attack,’’ IEEE Trans. Smart Grid, vol. 9,
no. 4, pp. 3543–3552, Jul. 2018.

[23] L. Mackay, R. Guarnotta, A. Dimou, G. Morales-Espana,
L. Ramirez-Elizondo, and P. Bauer, ‘‘Optimal power flow for unbalanced
bipolar DC distribution grids,’’ IEEE Access, vol. 6, pp. 5199–5207, 2018.

[24] W. Feng, A. Le Tuan, L. B. Tjernberg, A. Mannikoff, and A. Bergman,
‘‘A new approach for benefit evaluation of multiterminal VSC–HVDC
using a proposed mixed AC/DC optimal power flow,’’ IEEE Trans. Power
Del., vol. 29, no. 1, pp. 432–443, Feb. 2014.

[25] M. Hosseinzadeh and F. R. Salmasi, ‘‘Robust optimal power management
system for a hybrid AC/DC micro-grid,’’ IEEE Trans. Sustain. Energy,
vol. 6, no. 3, pp. 675–687, Jul. 2015.

[26] Q. Zhao, J. García-González, O. Gomis-Bellmunt, E. Prieto-Araujo, and
F. M. Echavarren, ‘‘Impact of converter losses on the optimal power flow
solution of hybrid networks based on VSC-MTDC,’’ Electr. Power Syst.
Res., vol. 151, pp. 395–403, Oct. 2017.

[27] A. Maulik and D. Das, ‘‘Optimal power dispatch considering load and
renewable generation uncertainties in an AC–DC hybrid microgrid,’’ IET
Gener., Transmiss. Distrib., vol. 13, no. 7, pp. 1164–1176, Apr. 2019.

[28] J. Renedoa, A. Ibrahim, B. Kazemtabrizi, A. García-Cerrada, L. Rouco,
Q. Zhao, and J. García-González, ‘‘A simplified algorithm to solve optimal
power ows in hybrid VSC-based AC/DC systems,’’ Electr. Power Energy
Syst., vol. 110, pp. 781–794, Sep. 2019.

[29] A. Lotfjou, Y. Fu, and M. Shahidehpour, ‘‘Hybrid AC/DC transmis-
sion expansion planning,’’ IEEE Trans. Power Del., vol. 27, no. 3,
pp. 1620–1628, Jul. 2012.

[30] J. Cao, W. Du, H. Wang, and S. Bu, ‘‘Minimization of transmission loss
in meshed AC/DC grids with VSC-MTDC networks,’’ IEEE Trans. Power
Syst., vol. 28, no. 3, pp. 3047–3055, 2013.

[31] W. Zhao, Z. Zhang, and L. Wang, ‘‘Manta ray foraging optimiza-
tion: An effective bio-inspired optimizer for engineering applications,’’
Eng. Appl. Artif. Intell., vol. 87, Jan. 2020, Art. no. 103300, doi:
10.1016/j.engappai.2019.103300.

[32] S. I. Selem, H. M. Hasanien, and A. A. El-Fergany, ‘‘Parameters extraction
of PEMFC’s model using manta rays foraging optimizer,’’ Int. J. Energy
Res., vol. 44, no. 6, pp. 4629–4640, May 2020, doi: 10.1002/er.5244.

[33] A. M. Shaheen, R. A. El-Sehiemy, and S. M. Farrag, ‘‘A reactive power
planning procedure considering iterative identification of VAR candidate
buses,’’ Neural Comput. Appl., vol. 31, no. 3, pp. 653–674, Mar. 2019.

[34] A. M. Shaheen, R. A. El-Sehiemy, and S. M. Farrag, ‘‘A novel adequate bi-
level reactive power planning strategy,’’ Int. J. Electr. Power Energy Syst.,
vol. 78, pp. 897–909, Jun. 2016.

[35] J. Beerten, S. Cole, and R. Belmans, ‘‘Modeling of multi-terminal VSC
HVDC systems with distributed DC voltage control,’’ IEEE Trans. Power
Syst., vol. 29, no. 1, pp. 34–42, Jan. 2014.

[36] J. Beerten, S. Cole, and R. Belmans, ‘‘Generalized steady-state
VSCMTDC model for sequential AC/DC power flow algorithms,’’ IEEE
Trans. Power Syst., vol. 27, no. 2, pp. 821–829, May 2012.

[37] A. M. Shaheen and R. A. El-Sehiemy, ‘‘A multi-objective salp optimiza-
tion algorithm for techno-economic based performance enhancement of
distribution networks?’’ IEEE Syst. J., early access, Jan. 27, 2020, doi:
10.1109/JSYST.2020.2964743.

[38] J. Beerten, S. Cole, and R. Belmans, ‘‘A sequential AC/DC power flow
algorithm for networks containing multi-terminal VSC HVDC systems,’’
in Proc. IEEE PES General Meeting, Providence, RI, USA, 2010, pp. 1–7.

[39] Z. Pavić and V. Novoselac, ‘‘Notes on TOPSIS method,’’ Int. J. Res. Eng.
Sci., vol. 1, no. 2, pp. 5–12, 2013.

[40] A. M. Shaheen, S. M. Farrag, and R. A. El-Sehiemy, ‘‘MOPF solution
methodology,’’ IETGener., Transmiss. Distrib., vol. 11, no. 2, pp. 570–581,
Jan. 2017.

[41] A. M. Shaheen, R. A. El-Sehiemy, and S. M. Farrag, ‘‘Solving multi-
objective optimal power flow problem via forced initialised differential
evolution algorithm,’’ IET Gener., Transmiss. Distrib., vol. 10, no. 7,
pp. 1634–1647, May 2016.

[42] M. Rezaei Adaryani and A. Karami, ‘‘Artificial bee colony algorithm for
solving multi-objective optimal power flow problem,’’ Int. J. Electr. Power
Energy Syst., vol. 53, pp. 219–230, Dec. 2013.

[43] M. Ghasemi, S. Ghavidel, M. Gitizadeh, and E. Akbari, ‘‘An improved
teaching–learning-based optimization algorithm using Lévy mutation
strategy for non-smooth optimal power flow,’’ Int. J. Electr. Power Energy
Syst., vol. 65, pp. 375–384, Feb. 2015.

[44] S. Duman, ‘‘Symbiotic organisms search algorithm for optimal power
flow problem based on valve-point effect and prohibited zones,’’ Neural
Comput. Appl., vol. 28, no. 11, pp. 3571–3585, Nov. 2017.

[45] A.-A.-A. Mohamed, Y. S. Mohamed, A. A. M. El-Gaafary, and
A. M. Hemeida, ‘‘Optimal power flow using moth swarm algorithm,’’
Electr. Power Syst. Res., vol. 142, pp. 190–206, Jan. 2017.

[46] M. Abdo, S. Kamel, M. Ebeed, J. Yu, and F. Jurado, ‘‘Solving non-smooth
optimal power flow problems using a developed grey wolf optimizer,’’
Energies, vol. 11, no. 7, p. 1692, Jun. 2018.

[47] M. A. Taher, S. Kamel, F. Jurado, and M. Ebeed, ‘‘An improved moth-
flame optimization algorithm for solving optimal power flow problem,’’
Int. Trans. Electr. Energy Syst., vol. 29, no. 3, p. e2743, Mar. 2019.

[48] A. Alhejji, M. E. Hussein, S. Kamel, and S. Alyami, ‘‘Optimal power flow
solutionwith an embedded center-node unified power flow controller using
an adaptive grasshopper optimization algorithm,’’ IEEE Access, vol. 8,
pp. 119020–119037, 2020.

[49] H. Pulluri, R. Naresh, and V. Sharma, ‘‘A solution network based on stud
krill herd algorithm for optimal power flow problems,’’ Soft Comput.,
vol. 22, no. 1, pp. 159–176, Jan. 2018.

[50] A. Ramesh Kumar and L. Premalatha, ‘‘Optimal power flow for a
deregulated power system using adaptive real coded biogeography-based
optimization,’’ Int. J. Electr. Power Energy Syst., vol. 73, pp. 393–399,
Dec. 2015.

[51] A. Shabanpour-Haghighi, A. R. Seifi, and T. Niknam, ‘‘A modi-
fied teaching–learning based optimization for multi-objective optimal
power flow problem,’’ Energy Convers. Manage., vol. 77, pp. 597–607,
Jan. 2014.

[52] A. M. Shaheen and R. El-Sehiemy, ‘‘Optimal co-ordinated al-
location of distributed generation units/capacitor banks/voltage
regulators by EGWA,’’ IEEE Syst. J., early access, May 6, 2020,
doi: 10.1109/JSYST.2020.2986647.

[53] A. M. Shaheen and R. A. El-Sehiemy, ‘‘Application of multi-verse opti-
mizer for transmission network expansion planning in power systems,’’ in
Proc. Int. Conf. Innov. Trends Comput. Eng. (ITCE), Aswan, Egypt, 2019,
pp. 371–376, doi: 10.1109/ITCE.2019.8646329.

[54] S. Mirjalili, ‘‘Dragonfly algorithm: A new meta-heuristic optimization
technique for solving single-objective, discrete, and multi-objective prob-
lems,’’ Neural Comput. Appl., vol. 27, no. 4, pp. 1053–1073, May 2016.

[55] A. Askarzadeh, ‘‘A novel Metaheuristic method for solving constrained
engineering optimization problems: Crow search algorithm,’’ Comput.
Struct., vol. 169, pp. 1–12, Jun. 2016.

[56] A. M. Shaheen and R. A. El-Sehiemy, ‘‘Optimal allocation of capac-
itor devices on MV distribution networks using crow search algo-
rithm,’’ CIRED–Open Access Proc. J., vol. 2017, no. 1, pp. 2453–2457,
Oct. 2017.

[57] D. K. Sambariya and R. Prasad, ‘‘Robust tuning of power system sta-
bilizer for small signal stability enhancement using metaheuristic bat
algorithm,’’ Int. J. Electr. Power Energy Syst., vol. 61, pp. 229–238,
Oct. 2014.

[58] E. S. Ali, ‘‘Optimization of power system stabilizers using BAT search
algorithm,’’ Int. J. Electr. Power Energy Syst., vol. 61, pp. 683–690,
Oct. 2014.

[59] A. Faramarzi, M. Heidarinejad, S. Mirjalili, and A. H. Gandomi, ‘‘Marine
predators algorithm: A nature-inspired Metaheuristic,’’ Expert Syst. Appl.,
vol. 152, Aug. 2020, Art. no. 113377, doi: 10.1016/j.eswa.2020.113377.

VOLUME 8, 2020 166979

http://dx.doi.org/10.1109/TPWRS.2016.2542678
http://dx.doi.org/10.1016/j.scs.2016.02.016
http://dx.doi.org/10.1016/j.engappai.2019.103300
http://dx.doi.org/10.1002/er.5244
http://dx.doi.org/10.1109/JSYST.2020.2964743
http://dx.doi.org/10.1109/JSYST.2020.2986647
http://dx.doi.org/10.1109/ITCE.2019.8646329
http://dx.doi.org/10.1016/j.eswa.2020.113377

