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Abstract. The Iragi 400-kV super grid faces significant operational challenges, including high
transmission losses, overloaded transmission lines, voltage instability, and limited long-distance power
transfer capability. The main objectives of this study are to minimize transmission losses, reduce
transmission line overloading, maintain acceptable voltage profiles, and improve the overall
performance of the Iragi transmission network through the integration of Multi-Terminal High-Voltage
Direct Current (MT-HVDC) technology. These objectives were achieved by modeling the Iraqi
transmission network using real operational data for 2024 and analyzing it in PSS®E Version 33 under
normal, 10%, and 20% loading conditions. A Genetic Algorithm (GA) was employed to identify the
optimal MT-HVDC converter station locations and transmission corridors. The most important results
indicate that the optimization process identified RU-MILPP, BGS4, and KESK4 as the optimal MT-
HVDC terminal locations within the Iragi 400-kV network. The proposed hybrid AC/DC configuration
reduced total transmission losses by 22.5 MW and 13.75 MVar under normal operating conditions.
Under a 20% load increase, the number of overloaded transmission lines decreased from 16 to 3 while
maintaining all bus voltage magnitudes within the acceptable range of 0.95-1.05 p.u. Furthermore, the
bipolar MT-HVDC configuration demonstrated superior loadability and long-distance power transfer
capability compared with conventional HVAC transmission systems. The significance of the obtained
results lies in improving transmission efficiency, enhancing voltage stability, alleviating network
congestion, increasing operational flexibility, and providing a practical foundation for future renewable
energy integration and regional power system interconnections.
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Abstract. Reteaua nationald irakiand de 400 kV se confruntd cu provocari operationale semnificative, inclusiv
pierderi ridicate de energie in transmisie, supraincarcarea liniilor de transport, instabilitatea tensiunii si o capacitate
limitatd de transfer al energiei pe distante lungi. Obiectivele principale ale acestui studiu sunt minimizarea
pierderilor de transmisie, reducerea supraincarcarii liniilor de transport, mentinerea profilurilor de tensiune in
limite acceptabile si imbunatatirea performantei generale a retelei de transport din Irak prin integrarea tehnologiei
Multi-Terminal High-Voltage Direct Current (MT-HVDC). Aceste obiective au fost atinse prin modelarea retelei
de transport irakiene utilizdnd date operationale reale aferente anului 2024 si prin analiza acesteia in PSS®E
Versiunea 33, atat in conditii normale de functionare, cat si pentru cresteri ale nivelului de incércare de 10% si
20%. Un Algoritm Genetic (GA) a fost utilizat pentru identificarea locatiilor optime ale statiilor convertizoare
MT-HVDC si ale coridoarelor de transmisie. Cele mai importante rezultate indica faptul cd procesul de optimizare
a identificat RU-MILPP, BGS4 si KESK4 drept locatii optime pentru terminalele MT-HVDC din reteaua irakiana
de 400 kV. Configuratia hibrida AC/DC propusa a redus pierderile totale de transmisie cu 22.5 MW si 13.75 MVar
in conditii normale de functionare. in conditiile unei cresteri a nivelului de incarcare cu 20%, numarul liniilor
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supraincarcate a scazut de la 16 la 3, mentinand, in acelasi timp, toate valorile tensiunii in intervalul acceptabil de
0.95-1.05 p.u. in plus, configuratia bipolari MT-HVDC a demonstrat o capacitate superioard de incarcare si de
transfer al energiei pe distante lungi comparativ cu sistemele conventionale HVAC. Semnificatia rezultatelor
obtinute consta in Tmbunatatirea eficientei transmisiei energiei, cresterea stabilitatii tensiunii, reducerea congestiei
regenerabile de energie si pentru interconectarea regionala a sistemelor electrice.

Cuvinte-cheie: HVDC, HVAC, reteaua nationald irakiana, pierderi de putere, stabilitate a tensiunii, sarcind,
optimizare, algoritm genetic, integrarea energiei regenerabile.

CpaBHHTe/IbHBII aHAJIM3 M ONTHMU3ALUS HHTETPALUH CHCTEM IIEPEMEHHOI0 TOKa BLICOKOI0
HANPSI’KeHNUs] § MHOTOTEPMHHAIBHBIX CHCTEM NMOCTOSTHHOT0 TOKA BHICOKOT0 HAIIPSIKEHHs B
CBePXMOIIHYI0 HeproceTh Hanpsi:keHueM 400 KB (na npumepe Upaka)
12A6aynxacecan C.K., ’Ben Cmuaa M., 3 Cakuu A.

! Vuusepcuretr Ans-Haxpeitn, bargan, Upak
2 YuuBepcurer Monactupa, Monactup, TyHuc
3 UnxenepHas mkosa ESPRIM, Monactup, Tynuc
Annomayusa. DueprocuctemMa HMpaka HanpspkeHueM 400 kB crankuBaeTcss ¢ pPSJOM  CYIIECTBEHHBIX
9KCIUTYyaTaI[MOHHBIX TPOOJIeM, BKIIIOYas BEICOKHE TOTEPH NPH Tepeiade NEeKTPOIHEPTUH, TIeperpy KeHHbIE TUHUT
3JIeKTpOIepeiaul, HECTaOMIBHOCTh HANpPSDKEHUS M OTPaHHYEHHBIC BO3MOXKHOCTHM Iepelayd MOIIHOCTH Ha
6onpmre paccrossHAA. OCHOBHBIMH IIENIIMH JaHHOTO HCCIEIOBaHMSA SABJIAIOTCS MHMHUMH3AIMA IMOTEPh NPH
nepenade 3JIEKTPOIHEPTHH, CHIDKCHHWE IEPErpy3KH JHHHN 3JEKTpolepenady, IMOoJAepKaHHE OIMYCTHMBIX
YPOBHEH HampsOKCHUS W TOBBIICHHWE o0med 3((EKTHBHOCTH HMPAKCKOM CETH 3JEKTpolepenadd 3a CUér
WHTETPAIlH TEXHOJIIOTHH MHOTOTEpMUHAIBHOI BRICOKOBOJIBTHOH Mepenaun noctossHHoro Toka (MT-HVDC). Ot
1enu ObUIM JOCTHTHYTHI IyTEM MOAEIHMPOBAHUS HMPAKCKOH 3HEPrOCHCTEMBI C HCIIOJIB30BAHHEM DPEABHBIX
9KCIUTyaTallMOHHBIX TaHHBIX 3a 2024 ron u eé aHanm3a B mporpamMMmHOM Komimiekce PSS®E Version 33 mpu
HOPMAJIFHOM pEXHMe pPaboThl, a TakXke Npu yBenumdeHnu Harpy3ku Ha 10% n 20%. [lng onpeneneHus
ONTHMAJILHBIX MECT pa3MelleHus npeodpaszosarenbHbix cranuid MT-HVDC u MapipyToB nepeiadn SHepruu
ObLT MCTIONBb30BaH reHetndeckuil anmroput™ (GA). Hanbomnee BaKHbIC pe3yibTaThl MOKA3bIBAIOT, YTO MPOIECC
ontummsanuu onpenenwt RU-MILPP, BGS4 u KESK4 kak onTuMaibHbIe MeCTa pa3MeIleHus TepMuHanoB MT-
HVDC B cetu Upaka nanpspkenuem 400 kB. Ilpemnmoxxennas rudpunnas kougurypamus AC/DC no3somnmia
CHM3UTh CyMMapHble otepu nepegauu Ha 22.5 MBt u 13.75 MBAp npu HOpMaJIbHBIX YCIIOBUSIX DKCILTyaTalllH.
IIpu yBennuennu Harpy3ku Ha 20% KOJIMUYECTBO NMEPETPYKEHHBIX TUHUH NEKTPONEpeaadd COKpaTHIoch ¢ 16 1o
3 mpu COXpaHEHWH BCEX 3HAYCHHWU HamNpsDKeHWs B gomyctumoM nuamazone 0.95-1.05 o.e. Kpome Toro,
oumnomsipras koHpurypanus MT-HVDC nponemoHcTpupoBana 0ojee BBICOKYIO IPOITyCKHYIO CIIOCOOHOCTH U
3¢ PEeKTUBHOCTh Tepeadll JIEKTPOIHEPTHH Ha OOJbIIME DPACCTOSHHS MO CPaBHEHUIO C TPaJAWIMOHHBIMH
cucreMamu HVAC. 3Ha4MMOCTh TOJYYCHHBIX PE3yNBTATOB 3aKIOYACTCS B IMOBBIMICHUH 3()()EKTHBHOCTH
nepesiauyl 3JIEKTPOIHEPTHH, YIIyUIIEHUN YCTOHYMBOCTH HANPSDKEHMS, CHIDKEHUHN TIEPEerpy30K CETH, MOBBIICHUH
9KCIUTYyaTaI[HOHHOM T'MOKOCTH M CO3JaHUM MPAKTUYECKON OCHOBHI AJSI OyAyInel MHTErpanuy BO30OHOBIIIEMBIX

HCTOYHUKOB SHEPTHH U PETHOHAIBHOTO MEXCHCTEMHOTO OOBEIMHEHHS YHEPTOCUCTEM.

Knrouesvie cnosa: HVDC, HVAC, Hpakckasi HalpioHAIbHAsI SHEPrOCEeTh, MOTEPH MOIIHOCTH, CTAOMIBHOCTD
HaNpsDKEHUS, Harpy304Hasi CHOCOOHOCTH, ONTHUMHU3AIINS, TeHETHYECKHH allTOPUTM, HHTETpalys BO30OHOBIIAEMBIX
HCTOYHUKOB SHEPTHH.

INTRODUCTION territory further exacerbates system instability
and operational inefficiencies [1].

Historically, Iraq has relied on high-voltage alter-
nating current (HVAC) transmission for bulk
power delivery. While HVAC remains a widely
adopted solution for medium-distance transmis-
sion, it presents inherent technical limitations
when applied to long transmission corridors, in-
cluding high reactive power demand, reduced
voltage stability, and increased power losses [2].
As Iraq seeks to expand its transmission capacity,
integrate renewable energy resources, and
strengthen interconnections with neighboring
countries, these limitations have become increas-
ingly pronounced [3].

The Iraqgi power system faces urgent challenges
related to electricity generation, transmission, and
distribution, requiring substantial modernization
efforts. Decades of conflict, limited infrastructure
investment, rapid population growth, and increas-
ing industrial demand have resulted in an aging
national grid characterized by frequent outages,
high transmission losses, and insufficient capacity
to meet peak electricity demand. These challenges
are particularly critical within the transmission
network, where long-distance power transfer
across Iraq’s vast and geographically diverse

101



PROBLEMELE ENERGETICII REGIONALE 3 (71) 2026

In response to similar challenges worldwide,
high-voltage direct current (HVDC) technology
has emerged as a competitive and technically ma-
ture alternative for long-distance and high-capac-
ity power transmission. Compared with HVAC
systems, HVDC offers several advantages, in-
cluding lower transmission losses, improved volt-
age regulation, enhanced power flow controllabil-
ity, and the capability to interconnect asynchro-
nous power systems. These characteristics make
HVDC a promising solution for supporting the
transition toward a more reliable, flexible, and re-
silient electrical grid in Iraq [4].

A. Related Work

Numerous studies have investigated the applica-
tion of high-voltage direct current (HVDC) sys-
tems for improving power transmission efficiency
and grid stability. Lemdani and Benbouheni
(2021) [5] investigated the optimal placement of
FACTS devices using an evolutionary optimiza-
tion method to improve voltage stability in elec-
trical power systems. Their results demonstrated
that the optimal allocation of FACTS devices can
enhance voltage profiles, improve system stabil-
ity, and increase network performance under dif-
ferent operating conditions. Veera Bhadra
Chary, Katuri, and Mercy Rosalina (2023) [6]
evaluated HVDC integration in IEEE 57-bus net-
works and confirmed significant reductions in ac-
tive power losses under varying loading condi-
tions. Similarly, Psaras, Tzelepis, and Burt
(2023) [7] demonstrated that genetic-algorithm-
based optimization provides effective solutions
for complex transmission networks without re-
quiring extensive infrastructure reinforcement.
Further developments were reported by -Ortega
and Gomez-Expésito (2024) and Li (2024) [8],
who demonstrated the effectiveness of HVDC
systems in maintaining acceptable voltage
profiles and improving overall network
performance under different loading conditions.
In addition, Merzah A.N. et al. (2025) [9]
Merzah et al. investigated the comparative
performance of MT-HVDC and UPFC
technologies for reducing short-circuit current
levels and transmission losses in the Iraqi super
high-voltage grid. The results indicated that both
technologies enhanced system performance,
while MT-HVDC provided superior
improvements in loss reduction and network
operating conditions.

Nikou et al. (2025) [10] compared HVAC and
VSC-HVDC transmission systems for long-dis-
tance power transfer and reported that HVDC sys-
tems achieve lower overall operational costs
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despite higher initial investment costs. Further-
more, Davidson, C. Davidson (2025) [11] con-
firmed the positive impact of HVDC integration
on transmission efficiency and voltage stability in
modern power systems. In other hand, Chindam
et al. (2026) [12] proposed a UPFC-based ap-
proach to enhance power quality and regulate
power flow in grid-connected systems. Their re-
sults demonstrated noticeable improvements in
voltage regulation and system performance under
varying operating conditions. More recently,
Abo-Khalil, Hassan, and Sayed (2026) [13]
studied the integration of HVYDC systems with re-
newable energy transmission networks and
demonstrated that HVDC becomes more econom-
ical than HVAC for transmission distances ex-
ceeding 150-200 km.

However, limited studies have investigated the
practical integration of multi-terminal high-volt-
age direct current (MT-HVDC) systems into the
Iragi 400 kV grid using real operational data un-
der varying loading conditions. Furthermore, the
optimal placement of HVDC stations using ge-
netic algorithms within the Iraqgi transmission net-
work has not been sufficiently addressed in previ-
ous studies.

B. Motivation

The Iragi 400-kV transmission network faces in-
creasing operational challenges due to growing
electricity demand, transmission congestion, and
the need for reliable long-distance power transfer.
Conventional HVAC systems exhibit technical
limitations when transferring large amounts of
power over extended distances, particularly under
heavily loaded operating conditions. MT-HVDC
technology offers improved controllability,
higher transmission capability, and enhanced op-
erational flexibility. Therefore, investigating its
application within the Iragi national grid is essen-
tial for improving network performance and sup-
porting future system expansion.

C. Research Gap and Contributions

Most existing studies on HYAC/HVDC integra-
tion are primarily based on IEEE benchmark sys-
tems and simplified network models, which do
not adequately represent the operational complex-
ity of large-scale national transmission networks.
Furthermore, limited research has addressed the
application of Multi-Terminal HVDC (MT-
HVDC) technology to real transmission systems
using actual operational data and optimization-
based planning approaches.

To address this gap, this study develops a GA-
based optimization framework for the integration
of MT-HVDC technology into the Iragi 400-kV
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super grid using real network data and a detailed
PSS/E simulation model. The proposed approach
identifies the optimal locations of MT-HVDC
converter stations and transmission corridors
while minimizing transmission losses, reducing
line overloading, and maintaining acceptable volt-
age profiles.

The main contributions and findings of this work
can be summarized as follows:

1. Development of an optimization method-
ology for MT-HVDC integration in the Iragi 400-
KV transmission network using Genetic Algo-
rithm and PSS/E simulation tools.

2. Identification of the optimal MT-HVDC
topology connecting RU-MILPP, BGS4, and
KESK4 substations, providing a practical frame-
work for future AC/DC hybrid network expan-
sion.

3. Reduction of total transmission losses by
22.5 MW and 13.75 MVar under normal operat-
ing conditions.

4, Mitigation of transmission congestion by
reducing the number of overloaded transmission
lines from 16 to 3 under a 20% loading increase.

5. Maintenance of all bus voltage magni-
tudes within the acceptable operating range of
0.95-1.05 p.u., thereby improving voltage stabil-
ity and system reliability.

6. Demonstration that the bipolar MT-
HVDC configuration provides significantly
higher loadability and superior long-distance
power transfer capability compared with conven-
tional HVAC transmission systems, making it a
promising solution for future renewable energy
integration and regional interconnection projects.

Methodology for Power Flow Modelling

The integration of multi-terminal high-voltage di-
rect current (MT-HVDC) technology into the
Iragi 400 kV super grid is evaluated through a rig-
orous steady-state and optimization framework.
To eliminate procedural operational details and
maintain scholarly rigor, the methodology is
structured around mathematical load flow formu-
lation and heuristic parameter optimization.

A. Mathematical Formulation of the Load Flow
Framework

The steady-state behavior of the hybrid
HVAC/MT-HVDC Iragi power system is mod-
eled using non-linear power flow equations. The
conventional alternating current (AC) network
nodes are governed by the standard active and re-
active power balance equations:
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N
Pi =Vi )" Vi(Gij cos 6ij + Bij sin 6ij)
(=D
N
Qi =Vi ) Vi(Gijsindij + Bijcosdij)

(j=1)

1)
(2)

Where Vi and eij represent the voltage magni-

tude at busi and the voltage angle difference be-
tween buses i and j , respectively. Gijand Bij

denote the real and imaginary parts of the bus ad-
mittance matrix (Y _bus).

To solve these high-dimensional non-linear equa-
tions under stressed conditions, the Newton—
Raphson numerical method was executed within
the Siemens PSS/E (version 33) environment.

The grid performance was systematically evalu-
ated across three distinct operational loading tra-
jectories: normal base load, a 10% step increase,
and a 20% stressed loading condition.

This multi-scenario approach ensures the valida-
tion of the MT-HVDC links under critical grid
contingency and peak demand profiles.Fig. (1) il-
lustrates a VSC-HVDC system and its equivalent
circuit. [11].[12].

B. Active and Reactive Power Losses

The VSC-HVDC total power equation is:[14]

R/Rl + PVRZ + PDC =0
APHVDC = AP\/Rz _APVRZ =0

(6)
(7)

For a three-phase AC system, the active power
loss will be:

R DC =3*12*R*D

Losses (8)
where the conductor's resistance is (R), /km, D
is route distance in km and the line current (1) is
per phase.

For a two-pole DC system, the active power loss
will be:

P

Losses

DC =3*12*R . *D )

where the DC line's resistance is RDC, Q/km, and
the line current (1) is per pole.

These equations are used to describe the power
balance and quantify transmission losses in the
VSC-HVDC and AC systems. Equations (6) and
(7) ensure power equilibrium and define the total
HVDC losses, while (8) and (9) provide a basis
for comparing active power losses in AC and DC
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transmission lines under overloaded operating

conditions.
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Fig. 1. HVDC equivalent circuit model [20].

Transmission Line Loadability
To further investigate the impact of MT-HVDC
integration on transmission performance, the
loadability characteristics of HYAC and HVDC
transmission systems are compared. This assess-
ment provides insight into the relative power
transfer capability of each technology and their
effectiveness in supporting increased network
loading while maintaining secure operation.
The following factors will be taken into account
in the following section:[15][16]
A. HVAC Line Loadability
1. The Thermal Limit
The conductor type and length for AC lines are
the primary determinants of the thermal limit. The
conductor's thermal capacitances rise as a result
of external influences like the field and corona ef-
fects. The power's corresponding thermal limit (
Pth) is [16][17]:

Ry =3*1*V (10)
The line's maximum power capacity is as follows,
and the (I) thermal current limit varies from 2038
to 2952 A based on the weather and geographic
region, as well as the V line voltage (400kV):

P.. =P,COSH. (11)

where cos 6,.is the power factor (PF) at the re-
ceiving end of the line.
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2. Limit of Voltage Drop

The limiting factor for intermediate AC line
lengths (approximately 80-320 km) is the maxi-
mum allowable voltage drop (AVmax).

The voltage drop along a transmission line can be
expressed as [16]

AV =V, |-|V] (12)

where |V.| and |V| are the voltages at the sending
and receiving ends of the line, respectively. Due
to the line’s reactive properties, the voltage drop
tends to decrease as the line length increases. The
loadability of AC lines under varying power fac-
tor conditions is illustrated in Fig. (2). As shown,
the AC line loadability is highly sensitive to the

power factor, increasing as the power factor im-
proves. [17][18]
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Fig. 2. Characteristics of AC lines loadability with
different power factor values [18], [19].

B. HVDC Line Loadability

Compared to AC lines, HVDC lines have a lower
voltage drop and are less loadable with respect to
length. [20]

1. Thermal Limit

The corresponding thermal power limit for DC

line (Pyy) is equal to:

Pin = N*lpc *Vie (13)
where N is the number of DC lines (it is equal to
1 for monopolar and 2 for bipolar).

Idc, the power is 1200 MW for monopolar and
2400 MW for bipolar, with a thermal limit of 2400
A. [21]

2. Limit of Voltage Drop
The DC line's voltage drop is computed using [2]
AE=E -E, =2*R*I,. (14)

where R is the DC line resistance and E; and E;
are the voltage drops through the line. The DC

line's power loss percentage, or AP, %, is calcu-
lated by:

AE% =2*R*(15c [V )*100=AP, . % (15)
There is an additional 0.7% to 1% power loss
from the two converter stations.

Therefore, the voltage drop (A E%) is less than the
proportion of total power losses (APT%).

This guarantees that the voltage drop between the
two AC terminals can be managed by the con-
verter terminals. [21,22]
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The primary factor limiting HVDC's loadability is
power loss.

While loadability lines of the bipolar type (two
monopolar) can be operated at their thermal limit
over the whole range of line lengths, loadability
lines of the monopole type in Fig. (3) have a
power loss limit that starts at 250 km due to the
influence of power loss.

In contrast to monopolar, bipolar loadability will
be impacted by power losses starting at L500 km.

[5][6]
3000 : ,
Thermal limit bivolar HVDC
2500+ & R
2000
g Thermal limit
= 1500t monopolar HVDC
E i s
o
1000+ Power Iosseg [imit
500
0
0 100 200 300 400 500

Line length [km]

Fig. 3. Loadability characteristics of bipolar and
unipolar (HVDC) lines [17], [19].

Optimization Objectives and Constraints

In this study, the Genetic Algorithm (GA) is em-
ployed to optimize the placement and operation of
HVDC links in the AC power system. The GA
aims to achieve multiple objectives simultane-
ously, including maximizing system loadability,
improving voltage profiles, minimizing total
power system losses, controlling power flow
through overloaded transmission lines, and reduc-
ing overall generation costs. The objective func-
tion and constraints considered in the optimiza-
tion process include:[21][22]

Optimal HVDC location

Minimization of total system losses
Avoidance of line overloads (kept below
100%)

Maintaining bus voltage magnitudes
within acceptable limits.

IV. HVDC Placement

The optimal location for HVDC links is deter-
mined by analyzing variations in the power sys-
tem and HVDC network parameters to identify
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the most effective transmission line for HVDC in-
stallation [23].

A. Minimization of Total System Losses

The GA selects HVDC route variables that mini-
mize both AC network losses and interaction
losses across transmission lines. The total active
and reactive power losses can be calculated using
the following equations:[24]

R = EG N V-2V gosta -5 (19

Q= XA v - e o] (07)

B. Overloaded Lines

The active and reactive power in each line is com-
puted to identify overloaded lines and reduce ex-
cessive power flows:[25]

Py = Po =V, >V, (G cos(s, —&,) + By sin(s, - 5,))
(18)
Qs — Qo =Vi X1V, (G; sin(s, - &) + B; cos(s, - 5;))
(19)

C. The voltage deviation (VD)

The voltage deviation should be as small as feasi-
ble to provide good voltage regulation, and it may
be shown as follows:[26]

2
Vo = 25N Y

Where: Nb is the number of buses
N1 is the number of transmission lines.
Npg The quantity of load buses

P1Active power losses
Q1Reactive power loss

(PDi) The demand, or active load, on the bus (i)
QDi The demand, or reactive load, on bus (i)

(20)

PGi The active power generation at bus (i)
QGi The reactive power generation on the bus's
(i); Vi The voltage magnitude at bus (i)

si The phase angle of the voltage at bus (i)

D. Genetic Algorithm-Based Optimization

The MATLAB implementation of the GA
encodes the HVDC location and sizing
parameters as chromosomes. The algorithm
iteratively optimizes these variables through
standard GA operations: initialization, evaluation
via a fitness function (Newton-Raphson power
flow), selection, crossover, mutation, and
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termination. [27],[28]. The fitness function was
formulated to minimize the total active power
losses and transmission line overload index,
subject to voltage magnitude limits (0.95-1.05
p.u.) and transmission line thermal constraints.

In Fig. (4) provides a summary of the optimiza-
tion technique.

The objective function can be expressed as
F = min (sum Ploss + sum OL)[29],

(Ploss) represents the total active power losses in

the transmission system, and (OL) represents the
transmission line overload index.
The main stages of the GA optimization
procedure are illustrated in Fig. 4.

where

start

!

Input of NHVDC and
its data and data of system

l

Generate initial population
for GA

i

Evaluate objective function
for each individual

l

Stop criteria?

Yes l

Is objective
optimized?

l Yes

Display the
corresponding of the individuals as a final solution

¢

end

>

Increase in the
loading Create new generation

(reproduction, crossover, mutation)

No

No

Fig. 4. Flow Diagram for HVYDC Implementation
Using GA.

The algorithm starts by initializing a population of
candidate HVDC locations and ratings, followed
by power flow analysis and fitness evaluation.
Successive generations are produced through
selection, crossover, and mutation operations
until the stopping criterion is satisfied and the
optimal solution is obtained.[30]
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Table 1. Genetic Algorithm Parameters Used in the
Optimization Process.

Parameter Value

Population Size 80

Crossover Probability | 0.85

Mutation Probability 0.02

Maximum Generations | 100

Power Flow Method Newton—Raphson

V. RESULTS AND DISCUSSION

A. Iraqi System of Super High Voltage (400kV)
The Iragi (400 kV) super high voltage grid
(ISHVG) is made up of 96 transmission lines, 115
400/132 kV transformers, 27 generating units, and
53 buses. The North, Middle, Euphrates, and
South regions are the four operational sub-sys-
tems that make up the Iraqi electrical power sys-
tem from the perspective of operational control.
Bus and line statistics, as well as other ISHVG
practical system data, are tabulated from [31]

All simulations were performed in PSS/E using a
100 MVA base and 50 Hz system frequency. The
MT-HVDC link was modeled as a VSC-based
system rated at 1000 MW with a +£500 kV DC
voltage and 98% converter efficiency. Voltage
limits were set to 0.95-1.05 p.u., and an ambient
temperature of 25°C was assumed. Standard 400
kV overhead line parameters and steady-state op-
erating conditions were considered to ensure re-
producibility

B. Impact of MT-HVDC Integration on Total
Power Generation and Grid Efficiency

A combined assessment of Figs. (5) and (6) high-
lights the impact of MT-HVDC integration on the
performance of the ISHVG network.

The results show that MT-HVDC reduces the to-
tal active power generation requirement under all
loading conditions. Although the generation de-
mand increases as the loading level rises from the
normal case to 10% and 20%, the MT-HVDC
configuration consistently requires less active
power generation than the conventional HVAC
network due to reduced transmission losses and
improved power flow controllability.

A similar behavior is observed for reactive power
generation, where MT-HVDC decreases the over-
all reactive power requirement across all loading
scenarios. The reactive power support provided
by the VSC stations improves voltage regulation
and reduces the burden on conventional genera-
tors.

Overall, MT-HVDC integration enhances net-
work efficiency by lowering both active and reac-
tive power generation requirements, leading to
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improved transmission performance and more ef-
fective utilization of network resources under in-
creased loading conditions.

One of the major challenges facing the Iragi Super
High Voltage Grid (ISHVG) is the overloading of
transmission lines, particularly during peak sum-
mer demand periods.

Under such conditions, several transmission cor-
ridors operate close to or beyond their thermal
limits, which may lead to line outages, reduced
system reliability, and an imbalance between gen-
erated and consumed power.

The obtained results as shown in Fig. (7) indicate
that transmission line congestion increases signif-
icantly with the loading level in both network con-
figurations.

Total Active Power Generation (MW)

Comparison
30,000.0
< 28,000.0
= 26,000.0
g 24,000.0
S 22,000.0 I
20,000.0
Normal 10% 20%
Loading Overloading Overloading

Loading Condition

M Total Gen without MT-HVDC(MW)
Total Gen with MT-HVDC(MW)

Fig. 5. Total Active Power Generation (MW) Com-

parison.
Total Reactive Power Generation (Mvar)
Trend
16,000.0
’ET 14,000.0
S 12,000.0
5 10,000.0
2 8,000.0
o
o 6,000.0
2
+©  4,000.0
©
22,0000
0.0
Normal 10% 20%

Loading Overloading Overloading

Loading Condition
M Total Gen without MT-HVDC (Mvar)
M Total Gen with MT-HVDC (Mvar)

Fig. 6. Total Reactive Power Generation
(Mvar) Trend.
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C. Effect of MT-HVDC Integration on Transmis-
sion Line Loading

In the conventional HVAC network, the number
of overloaded lines rises from 2 under normal
loading conditions to 10 and 16 under 10% and
20% overloading conditions, respectively. The in-
tegration of MT-HVDC significantly reduces the
number of overloaded transmission lines, limiting
them to 1, 3, and 4 under normal, 10%, and 20%
loading conditions, respectively. This improve-
ment is attributed to the enhanced controllability
of power flow provided by the MT-HVDC sys-
tem, which enables a more balanced utilization of
transmission corridors and alleviates the loading
of critical lines. These findings clearly demon-
strate the effectiveness of MT-HVDC technology
in mitigating one of the most critical operational
issues in the lIraqgi power network. By relieving
transmission congestion and redistributing power
flows more efficiently, the proposed MT-HVDC
configuration enhances network security, im-
proves operational flexibility, and increases the
capability of the system to accommodate higher
loading levels without excessive stress on trans-
mission assets.

Number of Overloaded Transmission Lines

20
wv
[}
[
S 15
e
(]
B 10
o
g 5 I
S o - -
o
§ Normal 10% 20%
(%] Loading Overloading Overloading

Grid Loading Level

B Without MT-HVDC (Count)
E With MT-HVDC (Count)

Fig. 7. Number of Overloaded Transmission
Lines.

D. Impact of MT-HVDC Integration on Active and
Reactive Power Losses

The total active and reactive power losses under
different loading conditions are presented in Figs.
(8) and (9). As the loading level increases from
the normal operating condition to 10% and 20%,
both active and reactive power losses increase due
to the higher power transfer demand and in-
creased network loading. Nevertheless, the

108

integration of MT-HVDC consistently results in
lower losses compared with the conventional
HVAC configuration. The reduction becomes
more pronounced at higher loading levels, indi-
cating the capability of MT-HVDC to improve
power flow distribution and alleviate network
congestion. By providing additional controllabil-
ity and flexible power routing, the MT-HVDC
system mitigates excessive current flow in heavily
loaded transmission corridors, thereby reducing
both active and reactive power losses. These re-
sults demonstrate that MT-HVDC enhances trans-
mission efficiency and supports secure operation
of the ISHVG network under increased loading
conditions.

Total active power losses in (MW)

10% 20%

800

600

40

o

20

o

Normal case

H with HVAC mwith MT-HVDC

Fig. 8. Comparison of active power losses with
and without MT-HVDC.

Total reactive power losses in (MVar)

10% 20%

15000
10000

5000

Normal case

H with HVAC B with MT- HVDC

Fig. 9. Comparison of reactive power losses
with and without MT-HVDC.
In other hands, the percentage reduction analysis
of active and reactive power losses can be evalu-
ated by

LossRed. = (Losswo — Lossw/ losswo) *100% (21)

where, Lossw, and Loss,, are the total losses with-
out and with adding MT- HVDC

Table 3 illustrates the impact of adding the
MT-HVDC system on loss reduction in terms of
both active power (MW) and reactive power
(Mvar).
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Can show in the term 20% case, the reduction
in active power losses increases to 22.2%,
whereas the reduction in reactive power losses de-
creases to 11.77%, suggesting that the effect of
MT-HVDC on MW losses is more stable than on
Mvar losses as system conditions change.

Overall, the table demonstrates that integrating
MT-HVDC leads to a considerable reduction in
system losses across all studied cases, with a more
consistent improvement observed in active power
loss reduction compared to reactive power losses

After integrating MT-HVDC, as illustrated in
Fig. 10, the loading profile becomes more bal-
anced, and the highly stressed regions are signifi-
cantly reduced.

Table 2. Losses reduction after adding MT-
HVDC.

CASE Reduction in losses %
MW Mvar

Normal 22.5% 13.75%

10% 21.5% 12.70%

20% 22.2% 11.77%

The MT-HVDC configuration improves power
flow controllability, redistributes transmission
loading more effectively, and alleviates conges-
tion in critical corridors, resulting in enhanced op-
erational reliability and improved network stabil-
ity under heavily loaded conditions

D. Analysis of Voltage Magnitude

Due to the transfer of a portion of the transmitted
power through DC lines—which do not require
reactive power support—the voltage drop along
transmission lines is significantly reduced after
integrating the MT-HVDC system compared to
the conventional HVAC-only case.

As aresult, the voltage magnitude at system buses
is noticeably improved. Fig. (10), (11), and (12)
illustrate the voltage magnitude profiles of all
load buses in the ISHVG network before and after
MT-HVDC integration under different loading
conditions.

The results clearly show that the inclusion of MT-
HVDC enhances voltage regulation and maintains
bus voltages closer to their nominal values, par-
ticularly under increased load levels.
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Fig. 10. ISHVG voltage profile under normal oper-
ating conditions.
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Fig. 12. ISHVG voltage profile under 20% operat-
ing conditions.

E. MT-HVDC's Ideal Position in ISHVG 400kv.
One of the plans is to build a VSC-based MT-
HVDC to transport 1000 MW of additional
power from the southern region at a rated DC
voltage of +500 kV. The parameters of the three
terminals of the HVDC system-based VSC are
provided in Table 7. In other hand Fig. (13) shows
a general geographical view of the optimal routes
for the proposed MT-HVDC network for the Iragi
grid.

Tables 3. The parameters of three terminals of

HVDC system based VSC.

Parameter

DC
Line 1

DC Line
2

DC Line
3
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Rectifier 27401 16419 27401 Base Volt- 500 500 500
Bus Code age (kV)
Inverter 16419 11402 11402 Trans- 0.9256 0.9256 0.9256
Bus Code former Ra-
Rectifier RU- BGS4 RU- tio
Bus Name | MILPP MILPP Rdc (Q) 10.802 20.051 9.051
Inverter BGS4 KESK4 | KESK4 DC Power 1000 500 500
Bus Name (MW)

LEGEND

“ Generation Station

[Z] standard Substation
w— Transmission Line
@  NATIONAL GRID CONNECTION POINT |

Major Road
o 25 50 1

Fig: 13. The best paths of MTHVDC proposed for the Irangrid [18]? 4

=S &g . D

F. AC System and DC System Line Loadability loadability of AC transmission lines at power fac-
Assume that both AC and DC transmission lines  tors of 1.0 and 0.95. Table 8 presents the loadabil-
are constructed using a conventional 500-km Alu- ity characteristics of the AC transmission line un-

minum Conductor Steel Reinforced (ACSR) line.  der different line lengths and power factor condi-
Equations (19) and (20) are used to evaluate the  tions.

Table 4. AC transmission line loadability under different power factors.

PF | L(km) Imax Imax/ I Pmax(MW | Pmax/Po APL%
)

1 100 2038 1 1412 2.28 1.86
200 1348 0.66 934 151 2.46

300 1093 0.54 757 1.22 3
400 994 0.49 689 111 3.36
500 948 0.47 657 1.06 4.33
0.95 100 1085 0.53 714 1.15 1.04
200 690 0.34 454 0.73 1.33
300 613 0.304 403 0.65 1.77
400 608 0.29 400 0.65 2.34
500 627 0.31 413 0.67 3.01
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The loadability of transmission lines is strongly
affected by both line length and power factor. As
the power factor decreases, the AC line loadabil-
ity also decreases significantly over long trans-
mission distances.

According to Table 8, the loadability ratio
(Pmax/P0) for a 400-km AC line decreases from
1.11 at PF =1 to0 0.65 at PF = 0.95.

For the DC system, Equations (22) — (24) are used
to evaluate the loadability characteristics of DC
transmission lines. Table 9 presents the DC line
loadability for bipolar and monopolar configura-
tions under different transmission distances.

Where can show the bipolar DC transmission
maintains higher loadability and lower power loss
variation over long transmission distances com-
pared with monopolar operation.

In the monopolar configuration, the transferable
power capability decreases significantly as the
line length increases, whereas the bipolar config-
uration maintains stable transmission perfor-
mance with lower loadability degradation.

Table 5. DC transmission line loadability for bipolar and monopolar configurations.
Configuration L(km) Imax Imax/locth | Pmax(MW) | APL%
100 2400 1 2400 0.815
For Bipolar 200 2400 1 2400 1.63
300 2400 1 2400 2.44
400 2400 1 2400 3.24
500 2400 1 2400 4.05
For Monopolar 100 2400 1 1200 1.65
200 2400 1 1200 3.24
300 2046 0.85 1023 4.15
400 1535 0.64 767.5 4.155
500 1228 0.51 614 4.15

V. CONCLUSION
The obtained results demonstrate that the integra-
tion of MT-HVDC technology can effectively ad-
dress several critical operational challenges in the
Iragi 400-kV transmission network. The opti-
mized hybrid AC/DC configuration significantly
reduced transmission losses, mitigated line over-
loading, and maintained acceptable voltage levels
under both normal and stressed operating condi-
tions. The reduction in overloaded transmission
lines from 16 to 3 under a 20% load increase high-
lights the capability of the proposed configuration
to relieve network congestion and improve system
reliability. The optimization process identified
RU-MILPP, BGS4, and KESK4 as the most suit-
able locations for MT-HVDC terminals, provid-
ing an efficient transmission topology for large-
scale power transfer across the Iraqi grid. Given
the large-scale nature of the Iragi 400-kV net-
work, which consists of numerous buses and high-
voltage transmission lines, determining the opti-
mal MT-HVDC integration locations using con-
ventional trial-and-error or random selection ap-
proaches would be computationally inefficient
and impractical. Therefore, the Genetic Algo-
rithm proved to be an effective optimization tool
for rapidly identifying optimal converter station
locations and transmission corridors while
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satisfying the technical constraints of the network.
From a practical perspective, the proposed frame-
work offers a realistic planning tool based on ac-
tual Iraqgi grid data and demonstrates the technical
feasibility of deploying MT-HVDC technology
within the national transmission system. The en-
hanced transmission capability and operational
flexibility achieved by the proposed configuration
can support future renewable energy integration,
strengthen energy security, and facilitate potential
interconnections with neighboring power sys-
tems.
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