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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
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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. Modular Multilevel 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 near Winnipeg.
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
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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. Pefialbaa 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:

> A new IMRFO is presented for solving the OPF in
electric power systems with and without emerged tech-
nologies of VSC stations.

> 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.

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

> 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.

Il. OPF IN CONVENTIONAL AC POWER SYSTEMS

A. OPF OBJECTIVES

The OPF problem mathematical model in conventional power
systems is generally formulated as follows:

Min OF = {F(x,y),F,(x,y)....Fp(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 be modeled as rectified sinusoids
added to the polynomial quadratic costs and it is expressed as
follows as:

Ng
FGC = > aiPg? + biPg; + ¢i + [ei(sinfi(Pg; pin — Pg)|
i=1

“)

where, Pg; is the MW active power output of each generator
i; a;, b;, and ¢; are the corresponding cost coefficients; Pg; min
is the lower limit of the active power output; e;, and f; 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:

Ng
TEE = Z ()/ini2 + BiPg; + «;)/100 + cie)»in-l )

i=1
where yi, Bi, @i, &, and A; 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= Y. Gy(Vi+V}—2ViVicosty)  (6)

i,jeNach

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 (Pgp,

Pgy,...... PgNg), its voltages (Vgi, Vga,....... ,VgNg),
VAR injection of the reactive power sources (Qcy,
Qco, ... ,Qch), and transformer tap settings (Tapi,
Tapy, ...... , Tapy,) 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 (VLy, ...... , VLnpQ), VAR outputs of the generators
(Qg1,Qg2, ... , QgNg), and transmission line power flow
(SFq, ...... , SFxr) 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:

Np
Qg — QL; + Qc; — Vi Y _ Vj(Gyjsingyj — Bijcostyj) = 0,
j=1
.NPQ @)
Ny
Pg; — PL; — V; Z Vj(GijCOSQij + Bjjsind;;) = 0,
=1
i=1,...Np —slack ®)

i=12,..

where, Ny, is the number of buses; PL and QL are the active
and reactive power demand, respectively; Gj; and Bj; 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]:

PgM < Pg; < P, i=1,2,..... Ng 9
Vit < Vg < Vg™, i=1,2,..Ng  (10)
Qg < Qg <Qg™*, i=1,2,..Ng (ll)
Tap!™" < Tap, < Tap™, k=1,2,...Nt (12)
ch‘ax < Qcq < Qcanax, q=1,2,....... Ng (13)
VI < V< VIR = 1,2, NPQ  (14)
L=12,...Nf (15)

ISkl < Sg™*,

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

Ill. 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
(Vc;) that is connected to the AC system buses via its phase
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FIGURE 1. Equivalent circuit of the VSC station [35].

reactor and transformer which have equivalent impedance
(Rik+jXy)- Vsi refers to the bus voltage at AC system. Thus,
the injected MVA (Sk;) into VSCs from the AC system is
given by:

Ski = Pii +jQu = Vsily;, i = 1...Nysc,
(16)

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

N VSk — VCi
Rix + Xk
From (1) and (2); the active and reactive power at each con-

verter side (Pcj+jQc;) and the corresponding AC connected
side (Psx+jQsk) can be represented as:

ki 17

Pc; = —VclGix + Vs VeilGiccos(fi) + Bixsin(6i)] (18)
QCi = —VCizBik — VSkVCi[GikSin(eki) + BikCOS(Qki)] (19)
Psy = Vslz(Gik — Vsi Vci[Gikcos(bki) + Biksin(6k;)] (20)
Qs = —VsiBix — Vs Vei[Gigsin(6hi) — Bikcos(@hi)] (21)

where, G and B are the conductance and susceptance of
the DC line, respectively; 6k 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 + TLLpc + TLLysc  (22)

TLLpc = Z Ry} (23)
i,jeNpcp
Nvsc

TLLvsc = Y ¢uilZ; + @2ilei + 93, (24)

i=1
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where @1, ¢z, and @3 are the loss coefficients related to each
VSC. As shown, the VSC losses is generalized in a quadratic
formula with the injected VSC current (Ic;) [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. Vg4c-Qc constant control: This mode provides constant
voltage at DC side with constant reactive power at AC
side.

2. Vgc-V, constant control: This mode provides constant
voltage at DC and AC sides.

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

4. Pgc-V, 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 as mentioned in Section II.B. For the MDC
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:

Nvsc
Poci = Vaei Y, Gacij(Vaci — Viey) (25)

i=1

i#]
where, Py ; is the injected power at bus i. Moreover, the oper-
ational variables for the DC systems, in addition to Eqgs. (9 and
15), must be satisfied within the corresponding constraints as

follows:

PsMM < Ps; < PSP i =1,2,...... Nysc (26)
QSimm < QSi < QSimaX, i=1,2,.. Nvysc 27
Vet < Ve < Ve i=1,2,....Nysc  (28)
dmcl’lll < Vdc,i < Vg&x, i=1,2, ... Npc (29)

aPn/2 < \J(Ps; — P — (@s; — Qo < &2,
i=1,2,... Npc (30)

where, (Py, 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.
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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 the marine manta 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 (My). Thus, the
D-dimensional individuals (Y) can be initially created as:

Yimn = YO 4 p (Y™™ — Y0y vmePy&neD (31)

where, Y, p 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:

Ymn+(Ypp — Ymn)+0) ifm=1
Y*m,n = Ym,n + r(Ym—l,n - Ym,n) + G(YB,n - Ym,n) (32)
Vm = 2:Py

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

[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:

Yrn + (YR,n ~ Yo+ 8) ifm=1

Yrn +1(Ym1n — Yman) + B(YRn — Ymon) 34
Vm = 2:PyN

o =2r.

*
Ym,n -

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

YR = Y™ 4 p (YD _ Y™y vy e D (35)
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TABLE 1. Initial table for proposed topsis method.
ail

Criteria Losses T faurt FCL size TVSI TVD . . R o
| Specify population size and maximum number of iterations |
Weight factor Wi W W3 W4 W s v
Solution 1 X Xis X3 X4 Xis | Initialize an empty repository of Pareto solutions |
Randomly generate the individuals of the positions
: of manta rays (Y) using Eq. (31), It =1
Solution 100 Xio01 Xi002 Xi003 X004 X005 ys (¥) g Eq G

v
—b| Update the weight factor (o; ) using (Egs. 40-41) |

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

| Run sequential AC/DC load flow |

p Ml 7
— M 3

'3 =2e t sin(27ry) (36) | Check the constraints of the dependent variables |
where, It is the current iteration and r; a random uniformly v

distributed number within range [0, 1]. The second half of the | Evaluate the objectives (Egs. 4-6 and 22-24) |

iterations focus on improving the exploitation of the MRFO.

|Update Yg based on the minimum fitness |

Regarding to that, each individual is updated as follows: T
Yga + (YB 0= Y n)(r + ﬂ) ifm=1 | Find Pareto individuals and upgrade the repository |
' ’ ’ ¥
* —_—
YmJl =1YBn+ r(Ym—l’n ~ Ymn) + B(YBn = Ymn) (37 | Evaluate o using Eq. (33) and 8 using Eq. (36) |
Vm = 2:Pn

| Apply the chain strategy using Eq. (32) |

In the third strategy, which is the somersault foraging, the
position of each manta ray is updated around the best Yes No
extracted position as follows: Rt

Apply the cyclone Apply the cyclone

Y;kn,n = Ym,n + S(rZYB,H - r3Ym,n) Vm € PN &neD strategy using Eq. (37) strategy using Eq. (35)
(38) . . .

Check their feasibility and set the violated

where S is the somersault coefficient (S = 2) that controls variable o the nearest bound

the somersault domain of the manta rays and, r; and r3 are ¥
random numbers within range [0, 1]. | Run sequential AC/DC load flow |

v
B. PROPOSED IMRFO FOR MULTI-OBJECTIVE OPF IN | Check the constraints of the dependent variables |
AC/MDC POWER SYSTEMS — v
In the MRFO, the new positions are generated based on the |Evaluate c Objecnvei(EqS' FSmd 220 |
chain foraging strategy of Eq. (32), the cyclone forag%ng It:{t“ | Update Yy based on the minimum fitness |
strategy of Egs. (35 and 37), or the somersault foraging 7
of Eq. (38). The MRFO is fundamentally sensitive to the | Find Pareto individuals and upgrade the repository |

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:

M

|Apply the Removing strategy|

Fi Apply the somersault strategy using Eq. (38) |
i=1 Check their feasibility and set the
1 i It Mi/3 violated variable to the nearest bound
1 < 1t
w] = It 40) Yes
1 —— else
My
1 — w No
wi = T , 1=23,...M (G3)) Apply TOPSIS to extract the compromise operating point (Eqs. (42-49))
where, wj; is the weight factor related to each objective (i). End
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.

Variables Initial Case 1A Case 1B
Pg 99.24 1.0999 1.1
Pg, 80 1.0824 1.0879
Pg s 50 1.0539 1.0603
Pgs 20 1.0612 1.0692
Pg 1 20 1.0443 1.0732
Pg 13 20 1.095 1.0877
Vg, 1.05 1.046 1.0416
Vg, 1.04 0.9515 0.9233
Vg s 1.01 1.0072 1.0126
Vg g 1.01 0.9579 0.9612
Ve u 1.05 23.2236 9.3548
A\ .80 1.05 22.1306 29.2171

Tap 6.9 1.078 3.1176 2.4897
Tap 6.10 1.069 6.0334 8.6216
Tap 4.12 1.032 4.9365 3.2529
Tap 2.7 1.068 11.5376 9.6476
Qc 10 0 1.9733 1.9209
Qc 12 0 5.0815 6.5779
Qc 5 0 2.1158 2.1128
Qc 17 0 199.988 177.0137
Qc 2 0 39.458 48.7911
Qc 2 0 18.3151 21.2684
Qc 2 0 12.4972 21.0819
Qc 24 0 11.2494 11.7699
Qc 2 0 12.0001 12.0774
FGC ($/hr) 975.64 830.6795 798.9888
TLL (MW) 5.596 10.1079 8.6025
TEE (ton/hr) 0.2390963 0.4418 0.366

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

Case 2 Case 3 Case 4 Case 5 Case 6
1.0997 1.064 1.0965 1.0974 1.0902
1.0973 1.058 1.0835 1.0844 1.0639
1.0804 1.0369 1.0349 1.0657 1.047
1.0868 1.0463 1.0574 1.063 1.0358
1.0959 1.0289 1.0689 1.0235 1.0469
1.0881 1.0457 1.0846 1.0577 1.0641
1.0265 0.9975 0.9985 1.0858 0.9871
0.9456 1.0673 0.9887 0.9654 0.9864
0.9977 0.9914 1.0087 1.0133 1.0248
0.9782 0.9845 1.0016 0.9987 1.0035
1.837 23.9486 14.6879 11.1131 6.4946
14.9643 20.4206 13.0156 8.2954 11.3328
5.1244 3.436 6.1365 7.3777 6.732
6.7093 9.0436 7.1448 10.9175 7.5903
4.2202 4.2142 4.5553 4.9231 4.4355
9.6325 8.9709 9.4029 8.9028 18.2547
2.2354 2.4495 9.7873 2.5525 4.1599
6.2511 8.0489 3.2328 7.3442 10.3406
2.1304 3.256 59179 3.0361 3.7792
51.5745 64.1786 153.9167 138.8643 134.9824
79.7198 67.4283 64.1674 52.3006 63.0426
49.9809 49.9993 20.2242 25.6456 24.3908
34.99 34.9991 21.0968 34.35 32.7842
29.9862 29.997 16.5435 19.2133 16.6066
39.9945 39.9985 15.3862 19.3667 18.5032
1026.3 1015.3 849.1 855.0785 854.5635
2.846 3.2009 7.9348 6.3405 6.9098
0.2071 0.204754 0.305 0.2801 0.2777

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

. Year of FGC

Algorithm publication | ($/hr)

Artificial bee colony (ABC) [42] 2013 800.66
Teaching-learning algorithm [42] 2015 800.4212
Differential evolution (DE) [41] 2016 799.0827
Symbiotic organisms search (SOS) [44] 2017 801.5733
Moth swarm algorithm (MSA) [45] 2017 800.5099
Developed grey wolf algorithm (DGWA) [46] 2018 800.433
Improved moth flame algorithm (IMFA) [46] 2019 800.3848
Grasshopper optimizer (GO) [48] 2020 800.9728
Adaptive grasshopper optimizer (AGO) [48] 2020 800.0212
Proposed IMRFO 2020 798.9888

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 Egs. (7 and 8) and in MDC power

VOLUME 8, 2020

. Year of TEE
Algorithm publication (ton/hr)
Artificial bee colony (ABC) [42] 2013 0.204826

Krill herd algorithm (KHA) [49] 2018 0.2049

Stud Krill herd algorithm (SKHA) [49] 2018 0.2048

Adaptive real coded biogeography-based
optimization (ARBO) [50] 2015 0.2048
Teaching learning-based optimization
(MTLBO) [51] 2015 0.205
Modified teaching learning-based optimization

(MTLBO) [51] 2015 0.20493
Grasshopper optimizer (GO) [48] 2020 0.20492
Adaptive grasshopper optimizer (AGO) [48] 2020 0.20484
Proposed IMRFO 2020 0.204754

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:-

X11 X122 e X15
X21 X21 e X21

Xjj = ) . . ) 42)
X1001 X1002 X1005

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

(43)
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FIGURE 4. Convergence curve of the proposed algorithm for a. FGC
Minimization, b. TLL Minimization, and c. Minimization of the TEE.

all aly o ais
any 1473 2N ans
A= . . . : (44)
aiool a002 aoos

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;‘ of the positive ideal
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FIGURE 5. Pareto solutions for Case 4 of the IEEE 30-bus system.

solution A*=(ay*, ax*,...... ,a;f) is selected according to
the type of the OF (maximization or minimization) using the
formula:-

a (45)

" {max a;jj=1,---,5 for maximization OF
i

ming; j = 1,---, 5 for minimizaition OF

If some of the alternative A; is equal to A* so A; is the
optimal solution. If it is not TOPSIS continues. Selecting
the coordinates aj<> of the negative ideal solution Aoz(a?,

ag e , a? ) according to the type of the problem (maxi-

mization or minimization) using the formula:-

(46)

& ming;j=1,------ 5 for maximization OF
"~ | max ajj=1,------ 5 for minimizaition OF
Then, the Euclidean distance between each normalized

decision vector and the ideal solutions is calculated as
follows:

47

where, dl.* and dl.<> are the deviational values from and the
positive and negative ideal solution, respectively.
After that, the relative closeness parameter (D;) for each
Pareto solution (i) is estimated as:
D di<> (49)
Cdr+d?

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

VOLUME 8, 2020

gl0F © -

900 - Q:% 1

870 - b
X:6.35
860 - Y:855.3 B

S
850 Ll CEDOOGO%O% i
OC»'-”OC)C‘,Jb
L)

830 =L L L L I L L I L I I -
5 55 B8 6.5 7 75 8 8.5 9 95 10

TLL (MW)

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

04 o
£ 035 %
1=
g ©
o s 0
w
w Y
g
025 od
°
02
12
X:B546
10 Y691
7:02777
8
5
4
TLL (MW

800 FGC ($ir)

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.

Initial GWO PSO SSA
Vg1 1.05 1.053 1.064 1.090
Vg2 1.04 1.029 1.042 1.077
Vg5 1.01 0.997 1.006 1.055
Vg8 1.01 1.008 1.007 1.063
Vg1l 1.05 1.020 1.036 1.003
Vg 13 1.05 0.999 0.983 1.037
T 6-9 1.078 1.044 1.086 1.079
T 6-10 1.069 1.042 0.993 1.021
T 4-12 1.032 1.029 1.039 1.005
T 28-27 1.068 1.040 1.030 1.059
Qc 10 19 8.941 13.000 11.489
Qc 12 0 3.502 13.585 15.504
Qc 15 0 7311 12.268 15.670
Qc 17 0 5.789 10.000 14.848
Qc 20 0 9.884 7.420 12.362
Qc21 0 3.288 15.137 12.371
Qc23 0 14.498 4.615 15.418
Qc 24 43 11.900 7.428 17.642
Qc29 0 9.247 12.139 15.647
Pg1 105.32 199.79 199.91 156.06
Pg2 80 37.623 43.234 43.970
Pg5 50 17.964 18.835 32.824
Pg 8 20 14.424 11.141 18.889
Pg 11 20 13.551 12.591 18.504
Pg 13 20 15.516 12.000 25.301
Qsl 17.31 -4.771 -4.249 7.204
Qs4 -17.45 -33.052 -15.975 -26.786
Ve2 1.011 1.018 1.067
V3 1 1.020 0.961 0.940
Vs 1 0.989 0.995 1.053
V6 1 0.966 0.979 1.071
Ps2 25.74 3.563 3.350 6.033
Ps3 52.53 6.129 18.906 13.731
Ps5 40.44 13.717 31.442 14.478
Ps6 18.45 7.708 23.908 23.555
Vde,1 1.06 1.011 1.012 0.971
Vdc,4 1.06 1.062 1.012 1.083
FGC ($/hr) 975.64 854.43 846.25 885.46
TEE (ton/hr) 0.242 0.436 0.439 0.306
TLL (MW) 11.924 15.475 14.309 12.150

MVO DA CSO BAT MPO  Proposed Algorithm
1.100 1.064 1.037 1.069 1.083 1.079
1.087 1.046 1.026 1.044 1.066 1.061
1.066 1.042 1.016 1.011 1.047 1.040
1.065 1.033 1.009 1.022 1.052 1.045
1.036 1.019 0.994 1.073 0.994 1.007
1.052 1.062 0.985 1.030 1.000 1.054
1.053 1.075 1.009 1.070 1.079 1.024
1.022 1.037 0.974 0.989 1.089 1.071
1.067 0.951 1.019 1.047 1.053 1.038
0.989 1.073 1.067 1.010 1.073 1.026
8.023 15.385 14.333 4.893 4.255 13.996
12.220 18.683 15.647 9.097 5.387 1.765
25.200 2.877 14.051 12.982 13.270 6.480
14.550 17.780 = 19.179 2.798 0.687 5.723
0.987 3.108 5.550 14.936 5.112 2.670
25.880 19.128 16.581 7.270 18.380 12.793
2.429 13.719 1.917 7.425 6.672 3.047
1.043 7.477 3.478 2.983 12.150 6.527
5.003 16.793 5.789 7.223 5.706 1.198
199.99 190.93 199.94 199.36 200.00 200.00
34.590 38.828  38.836 31.856 44.010 44.835
15.750 24.104 17.995 17.470 17.120 18.601
23.600 15.428 12.288 20.819 11.870 10.323
11.280 15314 16.438 10.238 11.550 10.660
12.000 13.094  12.173 17.743 12.000 12.007
-3.939 -40.509 = -27.159 = -2.695 -12.220 0.431
-78.890 -6.292 | -63.221 19.342 -34.100 -19.485
1.072 1.029 1.016 1.029 1.056 1.051
1.039 1.055 0.980 1.018 0.998 0.999
1.063 1.028 1.008 1.025 1.006 1.041
1.043 0.979 1.018 1.018 1.009 1.041
-1.013 26.856  20.249 23.239 13.000 14.067
7.800 24.427 = 26.984 13.838 32.430 31.285
42.540 37.488  24.000 23.903 41.640 36.818
11.800 10.763 18.797 21.931 18.210 18.374
0.912 1.035 1.035 0.970 1.100 1.083
1.098 1.025 0.967 0.912 1.100 1.072
849.17 858.47 = 848.93 853.13 841.45 840.3
0.438 0.403 0.437 0.435 0.440 0.440
13.819 14.301 14.274 14.089 13.155 13.026

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%

166972

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.

GWO PSO SSA MVO
Vg 1 1.052 1.024 1.076 1.096
Vg2 1.039 1.015 1.061 1.09
Vg5 1.021 0.9977 1.034 1.076
Vg 8 1.023 0.997 1.047 1.08
vg 11 1.03 0.9834 0.9957 0.9832
Vg 13 0.9915 0.9961 1.032 1.024
T 69 0.9958 1.07 1.062 1.095

T 6-10 1.068 0.95 1.057 0.9913
T 4-12 1.015 0.9687 0.9919 1.08
T 28-27 1.032 0.9692 1.028 1.062
Qc 10 6.453 20.28 19.25 4341
Qc 12 4.491 8.495 11.51 24.39
Qc 15 10.15 18.92 20.17 4.806
Qc 17 11 8.423 16.03 14.36
Qc 20 5.157 3758 12.25 5.509
Qc 21 4.086 6.467 8.911 12.87
Qc23 7.542 451 15.59 1.779
Qc 24 6.322 3.892 11.85 8.106
Qc29 1.669 2.105 17.14 3.024

Pg 1 115.298 72.788 145931 | 93.845
Pg2 68.55 73.29 52.35 66.21
Pg5 42.14 49 27.22 50
Pg$ 29.24 314 21.94 32.95
Pg 11 17.16 30 20.53 28.64
Pg 13 21.86 36 28.23 20.76
Qsl -7.134 11.65 1112 18.46
Qs4 -11.62 10.04 17.1 24.08
ve2 1.023 0.9998 1.051 1.082
ve3 1.006 1.054 0.9459 1.013
Vs 0.9865 1.015 1.042 1.027
Ve 0.9893 1.03 1.05 1.024
Ps2 0.1408 11.1 21.94 8.673
Ps3 29.29 24.02 -1.462 16.56
Ps5 -0.6621 15.22 5.95 13.8
Ps6 12.89 13.83 14.23 13.57
Vde,1 1.051 1.049 1.042 1.088
Vde,4 0.9892 0.9889 1.035 1.099
FGC ($/hr) 9323 1022.2 885.7 986.9
TEE (ton/hr) 0.246 0.208 0.286 0.222
PLAC 3.443 1.522 5.490 1.767
PLVSC 6.886 6.957 6.936 6.897
PLDC 0.519 0.598 0.375 0.342
TL (MW) 10.848 9.078 12.801 9.005

DA CSO BAT MPO Proposed Algorithm
1.074 1.028 1.076 1.066 1.0895
1.068 1.018 1.068 1.064 1.0863

1.06 1.001 1.047 1.051 1.0743
1.052 0.9939 1.057 1.058 1.0808
1.058 1.06 1.064 0.9764 1.0286

1.07 1.032 1.053 1.035 1.0527
1.028 1.005 1.095 1.061 1.0791
1.062 1.056 1.038 1.082 1.0257

0.9773 0.9508 1.071 1.043 1.0473
1.045 1.015 1.071 1.037 1.0405

5.84 14.83 12.02 9.064 10.843
16.35 15.62 20.83 0.00223 16.409

10.4 11.68 2.781 11.31 4.5768
11.09 10.3 11.52 7.855 7.3967
7.028 8.373 15.5 0.2161 6.3678
7.322 12.64 0.2179 29.61 7.7028
17.04 10.61 5.122 4.559 1.717
9.34 5.553 7.141 0.1119 7.6287
15.11 6.103 2.389 3.128 5.6515

89.2841 83.407 77.744 57.6204 59.319
71.38 79.21 70.26 80 79.524
48.42 49.8 49.72 50 49.976
32.71 26.42 30.62 35 34.807
25.01 23.15 24.81 30 29.996
26.4 30.99 39.69 39.53 38.348

0.7159 -8.617 -11.8 13.3 10.975
2.023 -2.627 -6.299 -22.94 16.769

1.06 1.004 1.063 1.06 1.0839
1.057 0.9637 1.036 0.9317 0.99268
1.065 1.044 1.03 1.018 1.0461
1.033 1.003 0.9965 1.013 1.0457
6.849 7.77 6.444 10.7 3.7913
26.07 25.09 8.285 18.13 19.044
12.55 18.23 5.617 17.47 16.485
14.11 9.988 15.29 10.02 13.756
1.022 1.033 1.088 1.1 1.1
1.032 0.9316 1.02 1.1 1.0954
991.8 1005.2 1021.0 1043.7 1039.8
0.219 0.219 0.210 0.205 0.205
2.266 1.991 2.406 1.451 1.328
6.952 6.968 6.847 6.917 6.862
0.586 0.618 0.192 0.382 0.380
9.804 9.577 9.445 8.750 8.570

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.
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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.

GWO PSO SSA MVO
Vg1 1.034 1.061 1.095 0.9792
Vg2 1.032 1.044 1.082 0.9767
Vg5 0.9962 1.031 1.055 0.95
Vg8 1.032 0.9998 1.064 0.9651
Vg1l 1.062 1.053 1.002 1.063
Vg13 1.051 0.9741 1.046 1.012
T 6-9 0.947 0.9754 1.09 0.9627
T 6-10 0.9648 1.015 1.015 1.099
T 4-12 1.077 1.021 1.033 1.035
T 28-27 1.006 1.068 1.054 1.012
Qc 10 14.26 13.6 16.29 26.81
Qc 12 4.704 6.773 15.41 1.993
Qc15 10.38 11.38 14.88 14.38
Qc 17 6.473 14.35 14.51 15.64
Qc 20 6.216 15.89 14.88 7.079
Qc21 6.64 12.78 14.73 4.637
Qc23 8.098 8.516 13.55 11.18
Qc24 20.66 8.889 13.05 4.092
Qc29 8.036 7.423 16.39 12.15
Pg1 76.54 65.23 136.8 66.07
Pg2 68.86 76 60.32 72.43
Pg5s 49.95 50 30.77 50
Pg8 34.36 34 23.36 35
Pg 11 29.59 30 20.77 30
Pg 13 37.94 40 24.53 40
Qsl -69.19 -44.98 -3.733 6.621
Qs4 -22.57 59.46 -32.37 -24.11
Ve2 1.029 0.9982 1.069 0.9676
Ve3 1.003 0.9536 0.9607 0.9124
Ves 1.046 0.9864 1.043 0.99
Veo6 0.9514 0.9735 1.075 0.9379
Ps2 -0.8581 -25.44 -0.2309 1.102
Ps3 -36.5 36.31 2.616 5.303
Ps5 11.61 14.35 -7.893 3.932
Ps6 4.079 19.24 27.98 9.282
Vdc,1 0.9466 0.9709 0.9033 1.046
Vdc,4 0.9818 1.07 1.048 1.07
FGC (8/hr) 1042.5 1048.9 889.9 1041.1
TEE (ton/hr) 0.207 0.205 0.273 0.204
TLL (MW) 13.842 11.820 13.204 10.102

DA CSO BAT MPO Proposed Algorithm
1.069 0.9884 1.017 1.066 0.99938
1.073 1.008 1.016 1.06 0.99684
1.047 1.008 1.04 1.05 0.98779
1.056 1.001 1.042 1.051 0.99063
1.012 1.06 1.057 1.062 0.98074
1.068 1.011 1.085 1.065 1.0378
1.064 1.065 1.03 1.097 0.97347
1.054 1.032 1.053 1.095 1.0588
1.031 0.949 0.9795 1.012 1.0048
1.028 1.016 1.076 1.043 1.0048
6.106 7.486 23.1 27.53 7.9286
24.95 1.712 28.12 23.59 6.5109
7.612 18.73 17.16 29.05 4.7955
14.26 10.12 23.75 15.89 8.3749
7.173 21.07 3.252 8.295 4.8516
8.806 18.09 2.578 15.74 17.314
15.12 7.534 5.132 1.082 0.69503
2.681 4.803 2.962 18.86 15.257
16.29 8.495 25.61 15.9 6.4305
99.09 76.73 85.2055 67.56 67.003
66.11 65.75 65.56 70.46 70.452
50 49.72 49.16 50 49.989
24.08 34.51 35 35 34.988
23.43 29.9 28.71 30 29.996
31.83 39.07 37.44 40 39.994
33.71 13.72 -35.97 0.6827 -0.67811
-38.07 -80.87 -11.84 -28.71 -27.32
1.064 1.001 1.038 1.058 0.9925
0.9979 0.9393 1.033 1.099 1.0469
1.051 0.9736 1.071 1.066 1.0107
1.064 0.9081 1.016 1.059 0.99316
17.48 -3.586 2.877 1.751 7.3397
42.19 43.22 -53.27 23.4 10.905
-0.9449 0.3515 -12.96 1.699 15.449
16.51 -3 16.09 12.71 12.235
1.052 0.9774 0.9339 1.099 1.0321
1.002 1.068 0.9699 1.099 1.092
992.2 1037.1 1044.4 1037.7 1035.7
0.225 0.206 0.211 0.2033 0.2031
11.142 12.293 17.675 9.623 9.022

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 Vgc.-Q. con-
trol mode, VSCs 2 and 3 are in P4.-V. constant control.
In the second MDC grid, VSC 4 is Vg4c.-Q. control mode
whilst VSCs 5 and 6 are in Pg.-V. constant control. The
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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.
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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 35, is reduced from
975.64 to 840.3 $/h with a reduction of 13.87% compared

VOLUME 8, 2020
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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 and MPO 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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" :E N —_— BT Initial Case 4 Case 5 Case 6
0 | e, GWo Vg 1.05 1.0631 1.0597 1.0955
v ; . Vg, 1.04 1.0496 1.0447 1.0729
o L : o Vgs 1.01 1.0078 1.0198 1.0517
|: " | H . Vgs 1.01 1.0177 1.024 1.062
- : - Vgu 1.05 1.0530 0.9876 1.0529
31“ " | \ S O DA Vg3 1.05 1.0248 1.0242 1.081
= : | e PrOpOSEd IMRFO T 69 1.078 1.0116 1.0626 1.0585
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124 T 412 1.032 1.0517 1.05 1.0126
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Qc 1o 19 9.1078 14.0935 6.7464
104 Qc 12 0 18.5561 8.5547 19.0608
Qe s 0 22.5916 16.2232 15.0916
Qc 17 0 3.4197 19.4305 20.0593
a4 Qc 20 0 10.4293 11.7345 5.2101
1 21 4 s Bl 101 121 141 161 181 201 221 241 261 281 Qc 0 8.0745 12.0721 5.3426
No. of Iterations QC 23 0 4.3556 5.2854 4.3013
Qc 24 43 14.3683 9.1136 5.316
FIGURE 11. Convergence rates Of IMRFO Case 2. QC 2 0 5.0922 10.0738 8.8216
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T il . o 5 1 1.0209 1.0291 1.0688
Soss ! ! : oo Ve 1 10327 1.0243 1.0457
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. I =+ Vee 1 1.0522 1.0322 1.0821
03 | Rl | i Ps: 25.74 10.8735 1.2916 16.1855
X YO A Ps; 52.53 17.3946 34173 21.0756
........................................................... P 10.44 20,4673 36,3295 262714
05 Ps¢ 18.45 18.0010 15.9309 12.7149
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Ve 1.06 1.0150 1.0395 1.078
= Vaca 1.06 1.0256 1.0833 1.0156
. 102 4 61 B 101 121 141 161 181 201 21 241 261 281 FGC ($/hr) 975.64 870.9 873.7721 882.5743
No. of lterations ) TEE (ton/hr) 0.2417 0.294988 0.3119625 0.264915
TLL (MW) 11.9237 12.15184 11.72543 10.85332
FIGURE 12. TEE minimization convergence rates of IMRFO for Case 3.
compared algorithms which states the great characteristics of Similarly, the proposed technique succeeds in achieving
the proposed IMRFO in developing the best solution com- the minimum TEE, Case 3, which is reduced from 0.242 to
pared to the others. 0.203 ton/hr by a reduction of 16.11%, while other techniques
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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
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FIGURE 14. Pareto solutions for Case 4.
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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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VI. CONCLUSION [2] E. Mohagheghi, M. Alramlawi, A. Gabash, and P. Li, ““A survey of real-
In this paper, an improved version of manta ray foraging algo- time optimal power flow,” Energies, vol. 11, no. 11, p. 3142, Nov. 2018,
ith 0) has b d for th imal X doi: 10.3390/en11113142.
rithm (IMRF ) as been presente or the Optlma operat1on [3] F. Zohrizadeh, C. Josz, M. Jin, R. Madani, J. Lavaei, and S. Sojoudi,
of AC meshed and hybrid AC/MDC meshed power systems “A survey on conic relaxations of optimal power flow problem,” Eur. J.
with emerged VSC stations. The multi-objective formulation Oper: Res., vol. 287, no. 2, pp. 391-409, Dec. 2020.
[4] M. Aragiiés-Penalba, T. L. Nguyenb, R. Caireb, A. Sumpera,

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 IMRFO mimics 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/MDC meshed power system. Assessment of the proposed
solution methodology is employed with significant improve-
ments compared with several recent algorithms. Significant
technical improvements are achieved with 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.
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