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Abstract: This article provides an improved Marine Predator Optimization (IMPO) for the optimized performance of
combined alternating/direct current (AC/DC) electrical grids. The optimum performance of such AC/DC electrical grids
is approached as a multi-objective issue with the goal of reducing the overall generated environmental emissions, fuel
costs and the asSoCiated energy losses. The suggested IMPO includes an exterior repository which is meant to preserve
nondominated individuals. The fuzzified decision procedure is often used to employed with a view to determining the correct
acceptable operational solution for the combined AC/DC electricity grids. The suggested IMPO is created via the MATLAB
environment and is employed on an updated standard power system of standard IEEE 57-bus. Besides, a comparative analysis
is performed between the proposed IMPO algorithm, particle swarm optimization, bat optimization, dragonfly optimization,
crow search optimization, grey wolf optimization, multi-verse optimization and salp swarm optimization. The simulation
outputs demonstrate the effectiveness and preponderance of the proposed IMPO with capability in extracting well-diversified

Pareto solutions.

Keywords: Marine predator optimizer, Multi-objective, AC/DC networks, Optimal management, Losses.

1. Introduction

The techno-economic operation of power systems
is a high-level, non-linear, multi-dimensional, and
controlled optimization issue. The optimal power
flow (OPF) is as a pivotal tool for Grid System
Operators (GSO) (Secui et al., 2014). The optimal
operating point of a power system is determined
by the (OPF) calculations with respect to single
and multiple-objective functions (economical,
technical, or environmental) which are exposed
to grid and diverse operation constraints (El-
Sehiemy, El-Hosseini & Hassanien, 2013). The
objective functions of OPF are considered, while
keeping the diverse equality and inequality
constraints, to reduce generation costs, reduce
environmental emissions, reduce transmission
losses, increase system loadability, improve
voltage performance, system reliability, security
(Mohagheghi et al., 2018) and for profit
enhancement for generating companies.

Worldwide, a plethora of Voltage Source
Converters (VSCs) are installed with High
Voltage Direct Current (HVDC) to transmit great
amounts of power through undersea/ underground
cables or over long distances. The VSC-HVDC
transmission systems have lots of merits such

as black-start capability, decoupled control of
active and reactive power, and lower footprint.
Currently, using Modular Multilevel Converters,
those links are assembled with point-to-point
connections. However, the system is modified
to a Multi-Terminal HVDC (MTHVDC) system
to achieve flexibility when using more terminals
of the existing links. Moreover, with adding
more paths to the MT system, it is exchanged
into a meshed HVDC grid. This modified system
can achieve redundancy and further flexibility
for the transmission system and integration of
diverse renewable resources. To illustrate this,
the first meshed HVDC grid has been executed in
the Chinese project named Zhang-Bei to deliver
renewable supply for Beijing with 4 terminals
in a ring connection and 2 terminals in the first
and second phase, respectively (Sau-Bassols et
al., 2019).

The conventional operation power systems’
methodologies, such as state estimation (Donde
et al., 2016), the economic dispatch (Hamad
& El-Saadany, 2016), and optimal power flow
(Li et al., 2019)stand-alone DC-MG has many
distinct applications. However, the optimal
power flow problem (OPF, are required to be
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adapted the integrated MTHVDC grids. When
applied to integrated AC/MTHVDC systems, the
OPF becomes a non-linear, complex, and non-
convex issue, because it contains a large number
of optimization variables and system constraints
(Sayah, 2018).

Currently, the OPF mathematical formulation for
AC-MTHVDC grids enjoy great consideration in
literature. In this regard, in (Hotz et al., 2020),
a unified representation of AC and DC sub-grids
and flexible converter model are introduced. The
influence of Voltage Source Converter (VSC)
losses on the solution of the OPF of hybrid AC/
DC systems is analyzed in (Zhao & Echavarren,
2017) with a multi-terminal configuration. With/
without renewable penetration, several objectives
of OPF of AC grids are analyzed in (Shafik et al.,
2019). The OPF of DC grids only is presented
are in (Duan et al., 2018)(Mackay, Member &
Guarnotta, 2018). Under load and generation
uncertainties, the OPF strategy is illustrated in an
AC-DC hybrid microgrid (Maulik & Das, 2019).
A simplified algorithm is implemented in (Renedo,
et al., 2019) on (OPF) in hybrid VSC-based (AC/
DC) grids with VSC-MTHVDC systems.

One of the recent optimizers is the Marine
Predators Optimizer (MPO) (Faramarzi et
al., 2020). The strategies of this optimizer for
surviving depend on Lévy, Brownian movements
and the iterations are separated into three
dispersed portions. This article proposes an
improved version of MPO (IMPO). This IMPO
illustrates a combination between the predator’s
strategies and the occurrence of environmentally
random circumstances. Additionally, the
IMPO is proposed to handle multi-objective
issues simultaneously. The proposed IMMPO
advocates an external archive with a specific
volume. Besides, the non-dominated preys are
well-maintained in this archive, whereas Pareto
dominance is stimulated to discriminate between
the old and new preys. Yet, in each iteration, the
top predator is extracted, randomly, from the
least overfilled zone in the archive. Furthermore,
the proposed IMMPO is employed on an updated
IEEE 57-bus grid to get the optimal solution to
the mentioned issue in AC/MTHVDC Grids. A
comparison with regard to these applications is
illustrated between the proposed optimizer and

diverse recent optimizers such as: crow search
optimization algorithm (CSOA) (Shaheen &
El-Sehiemy, 2017) (Shaheen, 2021a), Particle
swarm optimizer (PSO) and salp swarm
optimization (SSA) (Shaheen & EI-Sehiemy,
2020a), grey wolf optimizer (GWO) (Shaheen
& El-Sehiemy, 2020b), Bat optimizer (BAT)
(Meng et al., 2015), dragonfly algorithm (DA)
(Mirjalili, 2016), and multi-verse optimizer
(MVO) (Shaheen, 2019). Although the use of
Levi flights has been incorporated with BAT
optimizer (Enache, Sgarciu & Petrescu-Nita,
2015) but its modification was dedicated to a
binary version.

This paper is organized as follows. Section 2
presents the OPF formulation in AC-MTHVDC
grids. The proposed IMMPO is detailed in Section
3. Then, the simulation outcomes are presented
and analysed in Section 4. Section 5 outlines the
conclusions of this paper.

2. Problem Formulation

Objective Functions
A) Fuel generation costs (F))

This objective function is modelled as a quadratic
function and can be depicted as:

N,

F =) aPg’+bPg +c (1)
i=1

B) AC-MTCDC grids Total Power losses (F,)

This objective represents the summation of AC
grid line losses, DC transmission losses, and VSC
stations loss and can be modelled as it is depicted
in equation (2). However, DC and AC losses are
manifested as illustrated via equations (3) and (4).
Furthermore, the VSC losses can be represented as
a converter current (Ic,) quadratic function which
is relevant to each VSC.

FZ = AC]oss + Dcluss + VSCloss (2)
Dcloss = Z RUIlz] (3)
i,jeNpcy
ACloss = z Gij (\]12 + ij —2\/;\]jCOS’ ij) (4)
ijeNxch
N\'S(‘
V8C,, = Z (pl,ilc.iz +0yl; +0y; (5)

i=l
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where V. and V, are the voltages at buses i and j.
Rij, Iij, and Gij are the resistance, current flow and
phase differences between buses i and j. Nvsc is
the number of VSC devices.

Control and Dependent Variables of
AC-MTHVDC Grids

The ‘coupling relationship’ in this grid is
implemented among the control devices of both
the HVDC and AC power systems. To illustrate
this dilemma, generators’ voltage and power
output, VAR injection sources, and transformer
tap settings are the main pillars of conventional
controls of the AC grids (Warid, 2020)an adaptive
multiple teams perturbation-guiding Jaya
(AMTPG-Jaya. However, four control strategies
are developed for the advanced control of the VSC
(Shaheen and El-Sehiemy, 2020a) which are (Vdc/
Vc¢) constant control, (Vdc/Qc) constant control,
control, (Pdc¢/Vc) constant control, and (Pdc/
Qc) constant control. The dependent variables
can be categorized according to MTHVDC side
and AC side. To manifest, the power flow though
the DC lines and the DC bus voltage represents
the dependent variables of the MTHVDC side,
whereas transmission line loadings (SF), generator
reactive power outputs (Qg), and the load bus
voltage magnitudes (VL) characterize the AC
grids dependent variables (y,.) which can be
modelled as it can be seen in equation (6) (Li et
al., 2019).

Yac =[VL, . VLypgs Qg oo Qgyys SE . SEye] (6)
Constraints
A) Equality constraints

The AC grid load flow balance equations
are mathematically illustrated as denoted in
equations (7,8) (Shaheen & El-Sehiemy, 2020a)
(Warid, 2020):

N,
Qg -QL, +Qc, - \(EVJ (Gysin, ; —Bycos, ;) =0,i=1.2,...NPQ
jl

(7)
(8)

N,
Pg, - PL, —\{Z\/J(Gljcos Lt Bysin, ) =0, i=1,... N, —slack
=l

However, the constraints of DC grid power flow
are elaborated as:

Nyse
Pdc‘i = Vdc‘i z Gdc,ij(Vdc,i - Vdc.j) (9)
i1

i)

where, V, ;and V. is the DC voltage at buses i
and j. Furthermore, AC grids’ variables have to be

maintained according to the following constraints
(Shaheen & El-Sehiemy, 2020a) (Li et al., 2019):

Vg™ <Vg <Vg™, i=1,2,....... Ng (10)
Pg"" <Pg <Pg™, i=1,2,....... Ng (11)
ngmin ng, Sngax, i=1,2,....... Ng (12)
Qc™ <Qe, <QeM™, q=1,2,....... Nq (13)
Tap!™ <Tap, <Tap!™, k=1,2,....... Nt (14)
IS|<sf™, L=1,2,....... Nf (15)
VISV SV i=1,2, 0 NPQ (16)

where Q; is the reactive output from generator
g; Q,, is the reactive output from compensator g;
Tap, 1s the tap value of transformer k; S is the
power flow, V_.is the load voltage at bus i.

B) Inequality constraints

In the same way, the MTHVDC grid has inequality
constraints as illustrated in the following equations
(Lietal., 2019):

Vc:nin < VC. < Vc"““", i=1,2,....... Nysc (17)
VISV SV i=1,2, Nic (18)
PSf“i“ <Ps <Ps™, i=1,2,....... Niysc (19)
Qs™ <Qs <Qs™, i=1,2,....... Nysc (20)

where V _ is the converter voltage at bus i where
Ps, and Qs, are the active power output and reactive
power outputs at the AC side at bus i, respectively.
Besides, the PQ capability curve for each VSC
must be maintained as:

dr /2 <\(Ps;-P)?«(Qs;-Q, ) <d™/2,i=1,2,..

where (P, Q ) represents the centre of the circles
which is relevant to the VSC PQ-capability, while
d indicates its diameter.

. ’NDC (21)

3. Techno-economic Operation of
AC/DC Grids with IMPO

The MPO initializes with random prey’s
positions (Y) and their number is represented
by P, . Moreover, with P the population, the
top predator represents the fittest solution, and
they are copied in an Elite (E) matrix. Three
sequential stages are developed for catching
the prey in MPO and they form the searching
journey. In the first stage “reconnoitring”, the
predator runs with very low speed with respect
to the prey movement because it performs a
military observation for the surrounding district.
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Moving to the second stage, the predators are
still searching for the target or may select the
wanted prey and this stage represents a balance
between the reconnoitring and chasing. Hence,
the relative speed between the prey and the
predator is approximately the same. In this stage,
the population size is divided likewise such that
preys are responsible for discovery, while predator
individuals are responsible for exploitation. The
third stage is hunting process, where the predator
moves quicker than prey’s target, which depicts
the predators’ skills in finding the targeted prey.
These stages are mathematically represented to
change the location (X") related to every prey (i)
as in equation (22) as follows:

X+ 0SROR,®(F -Ka@X)  irns M2
. |E+05C, @R, ®(R.@E—-X,) i It>2Maxit
Xi = 3 .
Xi+0.5R®R,®(Ei~R\®Xi) else & if i< —=

Ei+0.5C, ®R, ® (Rn®Ei— X )

else&ifi>%

(22)

where R represents a vector in the range [0,1].
Moreover, the symbol ® illustrates Hadamard
product, whilst R represents a random vector
which depends on Gaussian distribution, which
displays the random fluctuations-based Brown
concept. Besides, R indicates a random vector
which depends on Lévy motion. The symbol
(C,) implies a dynamic parameter employed
for managing the predator's navigation and is
adaptively varied with iteration progress which
can be mathematically modelled as:

It =

m)
Clt =(1_M8Xit) (23)

Beside the previous strategies, the Fish
Aggregating (F,) influences have been adopted,
where the updating strategy can be expressed as:

o X+ Cy (Xoint R® (X~ X )® U ifr, <F,
P (24)
Xi+(X,—-Xy).F,(1-1)+1) else

Xi+05R®R. ®(Ei-Rn®Xi) iflt<

Xi+05R®R.®(E-R.®X;) if

Maxit

Maxit <lt< 2Maxit

where X and X . are relevant to the limits of
the decision variables. Moreover, F, signifies the
probability coefficient which is relevant to the
influence of fish aggregation. When updating the
preys’ positions, every fitness (Fit) is estimated,
and consequently, Elite (E) matrix is modified as
it is expressed in equation (25) as:

) Xu ifFit(Xn ) <Fit (i)

. B, N (25)

E: ifFit (Ei )<Fit (Xa)
where E* represents the updated position matrix
of predators, whereas X, characterizes the preys’

best location which attains the minimum fitness
(Shaheen, 2021b).

Proposed IMPO for Optimal
Management of AC/DC Electrical Grids

The idea of IMPO was generated because the
preys, in certain cases, become disoriented when
on their way to the predators or that some preys
are brilliant to hide themselves. Accordingly,
the iterative variations are broken to 3 divided
dispersed and sequential pillars which cancel
the occurrence of these circumstances. This can
be represented by adding random possibilities
of combining these stages as it is shown in
equation (26) below. To solve the multi-
objective framework, an IMMPO is proposed to
integrate an exterior repository in predetermined
amount. Depending on Pareto dominance, the
non-dominated preys are stored and changed
twice in every iteration. An erasing process is
performed, if this repository is full in order to
delete a few of the Pareto individuals, using the
roulette wheel option, in the most overfilled
zones (Renedo et al., 2019). On the other hand,
the roulette wheel is used to increase the odds
of selecting a representative solution among
the least congested areas. In each iteration, the
updated procedure of the prey’s locations is

& if rand < rand

Ei+0.5C, ®R, _®(Ra®Ei-X;) if Maxit -

It

& if i S%& if rand < rand

. (26)
< 2Maxit

Ei+0.5C, ®R ® (R.®Ei—Xi) else

& if'i >%& if rand < rand
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created as it is expressed in equation (26) based
on the dominance priority.

Besides, the non-dominated preys are well-
maintained in this archive, whereas Pareto
dominance is stimulated to differentiate between
the old and new preys. Yet, in each iteration, the
top predator is extracted, randomly via roulette
wheel selection, from the least overfilled zone in
the archive.

> ;(. if ;(. dominates )?,

Xijs = . (27)
Xi if Xi doesnot dominate Xi

Hence, in preceding iteration, every

new location is contrasted with its prior
accomplished objectives. A Pareto set is created
and maintained, to preserve the diversity
and enriches the solution quality. A fuzzified
decision tool (Shaheen & El-Sehiemy, 2020b)
is applied to extract the conciliation operational
solution. The flowchart of the proposed IMPO
is illustrated in Figure 1 to enable AC-HVDC
power systems optimal operation.

4. Simulation Results

The proposed IMPO is applied for the modified
IEEE 57-bus network (Figure 2) as a combined
AC/DC electrical grid. To evaluate the
effectiveness of the proposed IMPO, various
recent algorithms are employed for the same
target such as (CSOA) (Shaheen & El-Sehiemy,
2017), Particle swarm optimization (PSO) and
salp swarm optimization (SSA) (Shaheen & El-
Sehiemy, 2020a), grey wolf optimizer (GWO)
(Shaheen & El-Sehiemy, 2020b), Bat algorithm
(BAT) (Sambariya & Prasad, 2014), dragonfly

algorithm (DA) (Mirjalili, 2016), and multi-
verse optimizer (MVO) (Shaheen, 2019). The
compared algorithms have the same number
of fitness evaluations (15000), whereas 300
iterations are set as the maximum. They are
performed ten times each. The IEEE 57-bus
system originally has 57 buses, 80 lines, 8
generators, 17 on-load tap changing transformers
and 3 shunt capacitive sources.

Figure 2. Modified IEEE 57-bus system

The complete data is taken from (Shaheen, El-
Sehiemy & Farrag, 2019). Its maximum and
minimum values for the generator and load
voltage are 1.06 and 0.94 p.u., respectively. The
reactive compensation is limited by 30 MVAr.
This system is modified with five VSCs and four
DC connected lines. The VSCs are located at bus
26-29 and 52, respectively (Shaheen, 2021c).

s

Read the system data and mput the algoridun p({mmei'ers|

Create the initial positions of the preys and Pareto archive |

It=1

Perform MATPOWER load flow
¥
Calculate the penalty function by examining
the dependent variable restrictions

A 4
| Apply (1 and 2) and update the archive |

Ir=It+1 |«

->| _Apply Rouletre wheel option to extract top predators |

h 4
| Apply (27) for memory updating |

—_—
Upgrade Cy by (23
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| Apply (26) to upgrade the positions of the preys |
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¥
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the Removing strategy if it is full

L]
‘ Apply (27) for memeory updating

- Y
Apply (26) to upgrade the positions of the preys ‘

Examnine the constraints of the control variables and
set the violated variable to the nearest bound

Y
| Perform MATPOWER load flow |
A 4

Y
Examine the constraints of the control variables
and set the violated variable to the nearest bound

Yes Y No
.

Calculate the penalty function by examining the
dependent variable restrictions

— :C_‘}teck Ie= H’a\ff o (End )

Figure 1. Proposed IMPO for handling the considered problem (Elsayed et. al, 2021)
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Case 1: Fuel Costs Minimization

Table 1 reports the optimal control variables
and the corresponding technical and economic
objectives in Case 1. The proposed IMPO and
other techniques (CSOA, PSO, SSA, GWO,
BAT, DA, MVO, and standard MPO). From the
obtained results the proposed IMPO can minimize
the total fuel cost from 53673.15 $/h to 41920.67
$/h with a reduction of 21.89 %.

Figures 3 and 4 show the voltage profile of
AC and DC grid, respectively, for the initial
case, MPO and IMPO. From Figure 3, the
lowest voltage is 92% at bus 30 and 92.5% at
bus 57 based on MPO and IMPO, respectively
whereas the highest voltage is 107.1% at bus 25
and 106% at bus 8 based on MPO and IMPO,
respectively. For the DC grid, Figure 4 derives
the same remarks where the lowest voltage is
106.7% and 108% at bus 1 based on MPO and
IMPO, respectively whereas the highest voltage
is 109.71% and 109.68% at bus 5 based on MPO
and IMPO, respectively. Those figures state the
fulfilment of the voltage constraints for AC/DC
power grid whereas the voltages of all buses are
within the allowable limits.

----- Proposed IMPO == |nitial ‘

Voltage (Per unit)

AC Buses

Figure 3. Voltages of AC grid for fuel cost
minization

| B MPO W Proposed IMPO I\nitia\‘

1.12

11

LDB | || || “ ||
.94 | I I I |
1 2 3 4 5

DC buses

Voltage (Per unit)
o o [
Y=} [¥e] [=] (=] (=1
& ® ~ B B &

=}
io

Figure 4. Voltages of HVDC grid for fuel cost
minimization

High capability in finding the minimum
considered objective function and progress
through the iterations to evolutionarily search
for the optimal solution of the proposed IMPO
is particularly illustrated in Figure 5.

‘ oo —Proposed PO ‘

76000

44900
71000
44400

66000 43900

t (S/hr)

43400
& 61000
]

42900

el o

3
55000

F

42400

51000 (41000

45000

Tl ey

41000

n  a 61 81 101 121 141 161 181 201 221 241 261 281

Iterations

Figure 5. Convergence curve of IMPO and MPO
(Case 1)

Case 2: Power Losses Minimization

In the second case, the power losses are considered
as the primary objective function. The proposed
technique achieves the lowest power losses, and
it is superior to the techniques listed in Table 2.
The total power losses are reduced by 69.06 %
using IMPO while its reduction level is achieved
by 38.53%, 66.69%, 38.08%, 26.04%, 56.09%,
64.19% and 68.86 using the GWO, PSO, SSA,
MVO, DA, CSOA, BAT and conventional MPO,
respectively. Figure 6 shows the voltage profile
of AC grid for the initial case, MPO and IMPO.
From this figure, the lowest voltage is 94.3% at
bus 34 and 92.2% at bus 20 based on MPO and
IMPO, respectively, whereas the highest voltage is
109.2% at bus 25 and 105.6% at bus 51 based on
MPO and IMPO, respectively. This figure states the
achievement of the voltage constraints whereas the
voltages of all buses are within the allowable limits.

‘ --8--MPO

= & = Proposed IMPO =0 |nitial ‘

Voltage (Per unit)

AC Buses

Figure 6. AC Voltages of IEEE 57-bus electrical grid
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Table 1. Optimal management of AC/DC 57-bus system of case 1

Initial PSO GWO SSA MVO CSOA DA mpo | Proposed

IMPO
Ve, 1.01 1.002354 | 0.989824 | 1.042803 | 1.009714 | 0.99725 | 1.039031 | 0.969808 | 1.031114
Ve, 1.01 1001094 | 0.984295 | 1.034984 | 0.994466 | 0.990963 | 1.023984 | 0.967658 | 1.031182
Ve, 1.01 1.000314 | 0988379 | 1.024448 | 0.97643 | 0.990418 | 1.023181 | 0.963718 | 1.030151
Ve, 1.01 1.006917 | 0991812 | 1.014798 | 0975162 | 0.997543 | 1.025292 | 0.975249 | 1.044118
Ve, 1.01 1010838 | 1.004194 | 1.026525 | 0.970011 | 1.012016 | 1.031709 | 0.993622 | 1.059188
Vg, 1.01 0.985069 | 0991048 | 1.00815 | 0965022 | 0.99128 | 0.997353 | 0.963055 | 1.028053
Ve, 1.01 0.989017 | 1.018258 | 1.021486 | 1.000024 | 1.010394 | 0.990036 | 0.956526 | 1.021772
Tap 0.97 1.021519 | 0924176 | 0.976689 | 1.09731 | 0.923581 | 0.953115 | 1.004439 | 0.960489
Tap, 0.978 1036929 | 1.010297 | 1.01608 | 1.012529 | 1.029882 | 1.059182 | 0.955078 | 1.087195
Tap 1.043 0.994797 | 0910143 | 1.002725 | 0.940201 | 0.993682 | 1.020308 | 1.049319 | 1.025933
Tap , . 1 1.01696 | 0909761 | 0.974383 | 1.013271 | 1.014796 | 0.943389 | 0.931082 | 0.957428
Tap .. 1 1013014 | 1.05493 | 099662 | 0.900606 | 1.012827 | 0.926249 | 1.063228 | 0.979183
Tap ., 1.043 1.048825 | 1.030452 | 1.003804 | 1.099391 | 1.012414 | 1.082859 | 1.053437 | 1.037316
Tap 0.967 1010386 | 0.947328 | 0.984921 | 0.943102 | 1.009483 | 1.015269 | 1.003123 | 1.042982
Tap ., 0.975 0.941346 | 0949934 | 1.012413 | 1.03216 | 0.977614 | 0928913 | 1.009717 | 1.001312
Tap 0.955 0.902944 | 1.045508 | 1.018169 | 0.91687 | 0.936444 | 1.030718 | 0.954785 | 0.930065
Tap .. 0.955 098418 | 0923845 | 1.02038 | 1.012515 | 0.992229 | 0971784 | 0.955408 | 0.993982
Tap ., 0.9 096316 | 1.07511 | 0971932 | 0.939397 | 0.989475 | 0.980909 | 0.944868 | 1.000395
Tap ., 0.93 0.969336 | 0978229 | 0.993918 | 0.916039 | 0.995085 | 1.016275 | 0.940231 | 0.996062
Tap ., 0.895 0912633 | 097385 | 0953083 | 1.027398 | 1.044325 | 1.050336 | 0.915011 | 0.951528
Tap . 0.958 0.996662 | 0930892 | 0.989476 | 0.907999 | 0.998629 | 0.990923 | 0.902361 | 1.026796
Tap ., 0.958 0970352 | 0968763 | 0.967216 | 0.952426 | 0.985333 | 0.968055 | 0.969713 | 0.993975
Tap ., 0.98 1010658 | 0.946883 | 0.999368 | 0.925374 | 1.009356 | 0.941237 | 0.948158 | 1.061182
Tap,.. 0.94 1.002123 | 1.054834 | 1.006757 | 1.031598 | 0.970933 | 1.052346 | 1.028878 | 1.022776
Qc,, 10 20.82041 | 4312296 | 3.581033 | 12.95747 | 14.2749 | 6.696651 | 4.7E-05 | 13.77331
Qe,, 5.9 22.80891 | 1.738346 | 11.70977 | 4.435347 | 16.44474 | 4.399598 | 18.67582 | 4.847247
Qe 63 12.60323 | 1111283 | 2521283 | 22.655 | 13.1257 | 8.003974 | 24.64655 | 0.071487
Pg, 502.8454 | 142.6684 | 139.8862 | 317.7461 | 176.6879 | 150.7493 | 216.6632 | 142.5726 | 140.569
Pg, 0 80.09314 | 51.02812 | 33.61253 | 9.788236 | 66.24277 | 62.60842 | 84.80496 | 95.33554
Pg, 40 4626461 | 1137406 | 69.28428 | 1.721696 | 49.94074 | 44.43256 | 51.48741 | 49.50249
Pg, 0 91.68109 | 65.94795 | 48.98185 | 77.99036 | 57.36124 | 80.53949 | 60.06024 | 84.22161
Pg, 450 4527275 | 453399 | 396.0384 | 526.9059 | 491.0271 | 508.427 | 469.469 | 457.6436
Pg, 0 86.31989 | 68.48959 | 47.43804 | 99.68592 | 84.41735 | 4136505 | 99.97297 | 87.1126
Pg, 310 362.9624 | 3882114 | 3593572 | 402.3648 | 3742347 | 327.8484 | 364.5588 | 357.2527
Qs, 1731 3.57276 | 9.079006 | 5.242268 | 26.61384 | 8.973198 | 48.68056 | 5.07619 | 39.0992
Ve, 1 0.962488 | 1.065763 | 1.023551 | 1.031025 | 0.982374 | 1.013627 | 0.949033 | 0.997751
Ve, 1 0.984194 | 1.026463 | 1.019515 | 1.03593 | 1.007273 | 0.976826 | 0.952505 | 1.005952
Ve, 1 0.996876 | 1.042444 | 1.028911 | 1.054962 | 1.007466 | 1.011353 | 0.96394 | 1.011372
Ve 1 0.982782 | 0973354 | 1.010234 | 0.94788 | 1.019458 | 0.942847 | 0.957171 | 1.011513
Ps, 25.47 3.93079 | 1.045948 | 24.45038 | 61.47052 | -1.67713 | 17.00733 | -3.84927 | -2.10468
Ps, 52.53 0.85298 | -51.9716 | -22.3203 | -57.7112 | 5.425147 | -48.9647 | -16.6255 | 3.545111
Ps, -59.91 33.5204 | 253033 | -27.8472 | 34.89706 | -33.978 | 1677137 | -49.1198 | -53.1206
Ps, -59.91 9201178 | -11.2341 | 8390002 | -67.8524 | 9.392976 | 10.99611 | 22.34716 | 24.7504
v, 1 1.07147 | 0971244 | 1.00117 | 0925581 | 0.95129 | 0.910742 | 1.072334 | 1.081167
F, 53673.1555 | 4193279 | 43621.92 | 44791.52 | 43628.05 | 42050.22 | 42796.13 | 41987.91 | 41920.67
) 52044 | 2091701 | 29.9029 | 21.65838 | 4434475 | 23.17326 | 31.08415 | 22.12592 | 20.83751
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Table 2. Optimal management of AC/DC 57-bus system for case 2

Initial PSO GWO SSA MVO | CSOA DA MPO Proposed

IMPO

Vg, 1.01 1.013528 | 0.98752 | 1.054032 | 1.00402 | 1.017326 | 1.017621 | 1.020786 |  1.032772
Vg, 1.01 1.007629 | 0.982916 | 1.047983 | 0.999808 | 1.011667 | 1.001235 | 1.016958 |  1.028292
Vg, 1.01 1.019935 | 0.992293 | 1.036569 | 1.016112 | 1.004438 | 1.009508 | 1.016788 |  1.030832
Ve, 1.01 1.028045 | 1.015404 | 1.036507 | 1.048556 | 0.992195 | 1.034138 | 1.014975 1.02887
Ve, 1.01 1.033236 | 1.055377 | 1.056848 | 1.059435 | 0.986282 | 1.034012 | 1.017991 |  1.036743
Ve, 1.01 1.001119 | 1.006774 | 1.021916 | 0.997904 | 0.981611 | 1.003072 | 0.9985 1.014371
Ve, 1.01 0.995993 | 0.992424 | 1.018467 | 0.941723 | 1.017655 | 0.996969 | 1.004611 |  1.018322
Tap , 097 | 0.989465 | 0.973761 | 1.027283 | 0.903315 | 1.003031 | 0.988053 | 1.019925 |  1.020221
Tap 0.978 1.03168 | 0.952705 | 0.995436 | 1.094193 | 0.989393 | 0.959611 | 0.984839 |  1.098514
Tap ., 1.043 | 1.034672 | 1.010028 | 1.027 | 0.903458 | 0.978811 | 0.931846 | 0.972598 1.09822
Tap . 1 0.976685 | 0.983516 | 0.994851 | 1.09488 | 0.97778 | 0.989616 | 1.003449 |  0.954546
Tap, . 1 1.001464 | 1.002386 | 1.005231 | 0.929633 | 1.055273 | 1.021871 | 1.018675 |  1.041171
Tap ., 1.043 | 1.002888 | 1.010628 | 1.009663 | 0.934696 | 0.953215 | 1.020882 | 0.977776 |  1.031687
Tap ., 0967 | 1.041659 | 0.936146 | 1.02505 | 1.077697 | 0.994077 | 1.017556 | 0.982502 |  0.999846
Tap 0975 | 1.012741 | 0.939759 | 0.971312 | 0.916635 | 0.975998 | 1.021777 | 0.968896 |  1.03305
Tap 0955 | 0.99451 | 1.003855 | 0.972884 | 1.1 | 1.026297 | 0.994423 | 1.012657 |  0.933187
Tap . 0955 | 0.950309 | 1.024767 | 1.013423 | 0.917551 | 0.982312 | 1.014348 | 0.985959 |  0.957835
Tap ., 0.9 0.960829 | 0.948044 | 0.982832 | 0.92204 | 1.00035 | 1.002595 | 0.967915 |  0.944039
Tap ., 0.93 1.003188 | 0.950723 | 0.990196 | 0.916125 | 1.005042 | 1.007994 | 0.97168 |  0.945852
Tap ., 0.895 | 0.962515 | 0.969769 | 1.007868 | 1.084644 | 0.986865 | 0.993832 | 0.948679 |  0.926106
Tap ., 0.958 | 0.949731 | 1.016348 | 0.978676 | 0.9 | 0.941204 | 0.994166 | 0.909366 |  1.045187
Tap ., 0958 | 1.054972 | 0.964294 | 0.964839 | 0.9 | 1.000846 | 1.03941 | 0.96446 |  1.037867
Tap,., 0.98 | 0.993118 | 0.983341 | 0.976236 | 0.916752 | 1.003722 | 1.006346 | 0.960195 |  0.966309
Tap,.. 0.94 1.033759 | 0.960833 | 0.99308 | 1.097116 | 0.969157 | 0.989685 | 0.979883 1.026
Qc,, 10 18.00064 | 0.858942 | 11.88416 | 29.91103 | 19.10894 | 6.621916 | 22.80821 |  7.77114
Qc,. 5.9 10.42872 | 19.41944 | 18.10625 | 18.36218 | 14.48901 | 10.18445 | 28.73526 |  5.827695
Qc,, 6.3 15.50351 | 14.24023 | 18.55558 | 9.000708 | 11.69681 | 17.86088 | 20.99919 | 115213
Pg, 502.8454 | 187.6162 | 258.7036 | 358.1133 | 282.0413 | 178.486 | 182.4158 | 158.297 177.6463
Pg, 0 26.5678 | 49.4776 | 57.66969 | 40.31349 | 59.84177 | 73.34906 | 45.71808 | 2632417
Pg, 40 124.7837 | 47.24564 | 88.64899 | 90.22706 | 105.9616 | 64.42822 | 107.001 134.129
Pg, 0 55.11864 | 60.13427 | 26.28787 | 53.7489 | 59.90465 | 59.30094 | 99.84966 |  92.18518
Pg, 450 380.051 | 506.5693 | 468.2737 | 481.3725 | 380.9615 | 423.9701 | 346.2212 |  355.7217
Pg, 0 86 | 3821112 | 26.91557 | 21.3477 | 75.65044 | 60.19788 | 99.92209 |  70.89514
Pg, 310 408 | 322.448 |257.1158 | 320.2414 | 408.6291 | 409.991 | 409.9996 |  409.9999
Qs, 1731 | 6.459733 | 22.50295 | 22.33157 | 39.56363 | 10.57488 | 30.69999 | -20.2437 |  21.83724
Ve, 1 0.973916 | 1.006852 | 0.995423 | 1.066251 | 1.02593 | 1.03065 | 1.016599 |  1.015466
Ve, 1 0.993909 | 1.03823 | 1.008114 | 1.027548 | 1.021979 | 1.030684 | 1.025402 |  1.020485
Ve, 1 0.998391 | 1.049397 | 1.024482 | 1.031273 | 1.016028 | 1.041099 | 1.025772 |  1.022565
Ve 1 0.98584 | 1.060185 | 0.991878 | 1.077522 | 0.997033 | 1.031965 | 1.005511 |  1.002952
Ps, 2547 | -1.38876 | 2.573905 | 14.98112 | -18.6915 | 12.2878 | -17.5081 | -2.79867 |  4.453797
Ps, 5253 | 8.685172 | 33.91094 | -11.3981 | -0.11158 | -18.9883 | -39.4296 | 19.37672 |  6.419814
Ps, 5991 | -48.3455 | -62.8475 | 19.74161 | -50.9951 | -27.811 | 8.818256 | -47.12 -44.9283
Ps, 5991 | 18.68169 | 47.08576 | -13.9763 | 69.02862 | 12.73654 | 1.327176 | 8.130772 |  13.19037
v, 1 1.068932 | 0.97931 | 0981125 | 1.1 | 1.023502 | 1.012039 | 1.083256 |  1.084052
F, 53673.1555 | 44030.97 | 43494.19 | 46844.65 | 44807.75 | 43315.53 | 42491.27 | 43363.03 |  44448.74
Plosses AC | 40.644 | 11.14112 | 24.87687 | 26.40071 | 31.14361 | 12.53118 | 16.42155 | 9.991226 |  9.972723
P{;’SSCCS 6.3 5.810581 | 6.07089 | 5.707222 | 6.004269 | 5.722191 | 5.789848 | 5.789498 |  5.741743
Plosses DC 5.1 0385716 | 1.04174 | 0.116966 | 1.344526 | 0.381657 | 0.641645 | 0.427864 |  0.386856
F, 52044 | 17.33742 | 31.9895 | 32.2249 | 38.4924 | 18.63502 | 22.85304 16.20859 |  16.10132
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Figure 7 shows the convergence curve related to
IMPO and MPO for Case 2. This graph shows the
high convergence rates correlated with the ability
of the IMPO to find the optimum solution.

‘ - MPO e Proposed IMPO |

15
1 21 41 61 81 101 121 141 161 181 201 221 241 261 281

101 21 14 161 181 200 221 241 261 281

Iterations

Figure 7. Convergence curve of IMPO and MPO
(Case 2)

Case 3: Multi-objective of Simultaneous
Minimization of Fuel Costs and Losses

The Pareto set solutions for optimal operation of
AC/MTHVDC with bi-objective functions, fuel
costs and power losses minimization, are handled
by the IMPO and illustrated in Figure 8. Fuel costs
are minimized from 42820 ($/hr) to 42600 ($/hr),
whereas the losses are increased inversely with
fuel cost minimization whose value changes from
16 MW to 17.17 MW.
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Figure 8. Pareto solutions for Case 3

Robustness Analysis

To perform the robustness analysis, the obtained
minimum fuel costs of the compared algorithms
are recorded. Their spread and centres are
displayed in Figure 9 via Box and Whiskers plot.

The proposed algorithm provides better robustness
statistics in comparison with the others. It provides
the smallest maximum, average and minimum
values of 41920.67, 41979.2 and 42052.12 $/hr
with smallest standard deviation.
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Figure 9. Box and Whiskers plot for Case 1

For this real application on the AC/DC 57-
bus system, Table 3 summarizes the reduction
advantages in technical and economic terms of
the proposed methodology. Economically, the
proposed IMPO can minimize the total fuel cost
with reductions of 21.89%, 17.18% and 20.22%
for all the three analyzed cases. Technically, the
proposed IMPO can minimize the total power
losses with reductions of 59.96%, 69.06% and
67% for all analyzed cases.

Table 3. Reduction advantages in technical and
economic terms of the proposed methodology of
AC/DC 57-bus system

Initial Case 1 Case 2 Case 3
Economic F, | 53673.15 | 41920.67 | 44448.74 42820
Reduction % 21.89 % 17.18% | 20.22%
Technical F, 52.044 20.83751 | 16.10132 17.17
Reduction % 59.96 % | 69.06 % 67 %

5. Conclusion

This article presented the improved version
of Marine Predators Optimizer for finding the
optimal technical and economic operation of
hybrid AC and MTHVDC grids. To achieve the
economic, technical, and environmental benefits
of the generation units, the multi-objective
formulation of hybrid grid optimal operation
is considered. However, the proposed method
has well-diversified Pareto solutions, whilst a
compromise operational solution is successfully
deduced so as to meet the needs of the operator.
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The proposed IMPO has been applied and verified
on three analyzed cases. The analyzed cases have
been investigated for the modified IEEE 57-bus
that is represented through AC/DC grid. The
emulated results reveal the preponderance and
efficacy of the proposed algorithm with great
stability indices over other competitive algorithms
in literature for single and multi-objective cases.

Nomenclature

Pg. : output active power in MW of generator i
a, b, and ¢, : the generators’ cost coefficients
Ng: the number of generators

AC,  : AC grid line losses

DC, :DC transmission losses

loss

VSC, . :VSC stations loss

Ici : converter current

?,, ¢,, and @, : the loss coefficients

N, ..and N_ . :the number of AC and DC buses

ACb DC,b

NPQ : the number of load buses
NF : the number of transmission lines
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