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As global energy consumption continues to increase, increased utilization and adaptation of renewable energy resources have
tremendously increased over the last decades. Unfortunately, despite the many benefits of renewable energy resources, the
intermittent nature of generation and the far distance of large installations from demand centers have tremendous effects on the
connecting grid’s stability. In this study, high-voltage direct current (HVDC) systems are proposed as a solution for stable and
reliable grid operation in the presence of large renewable energy installations. This research investigates the deployment of an
HVDC system into an entire network rather than studying it as an isolated radial system. Various power system analysis functions
for both static and dynamic conditions are used to study the effect of integrating an HVDC system on the overall network’s
stability. To verify the proposed approach, Jordan’s national electric grid was modeled and used as a case study. The results show
when deploying HVDC transmission, losses are reduced by 70% from the baseline case, in addition to better handling of
contingency events and enhanced grid’s stability when examining the generator’s rotor angle and speed. Rigorous modeling and
simulations of the proposed system structure show the feasibility and prove the advantages of modern HVDC systems over HVAC

counterparts.

1. Introduction

High-voltage alternating current (HVAC) transmission
systems have been deployed for decades, as they reduce
system losses and increase transmission efficiency. However,
HVAC systems are facing several challenges and issues due
to increased renewable energy penetration and long-distance
power transmission. The main challenges include reduced
transmission power capacity, limited transmission distance,
increased reactive power losses, stability issues under faults
and transient conditions, and transmission line inductive
and capacitive voltage regulation issues. In addition,
stability-induced complications can limit network in-
terconnections and expansion [1]. Moreover, HVAC system
operation requires a considerable amount of reactive power
generation, which increases the current, leading to increased
transmission losses. The noncontrollable nature of renew-
able energy generation impacts traditional generation
spinning reserves to balance system-wide generation with

load demand which affects system adequacy and security [2].
It is worth noting that the development of power trans-
mission infrastructure is significantly impacted by socio-
environmental issues and the widespread use of HVAC
overhead lines has been hampered by community opposi-
tion and environmental concerns.

Alternatives for increasing power transfer capability are
needed to overcome the challenges described above [3]. In
addition, the construction of new lines may be restricted by
right-of-way (ROW) or environmental constraints and
high cost.

High-voltage direct current (HVDC) transmission sys-
tems are an attractive alternative to mitigate the many issues
HVAC systems face. In the past, HVDC transmission faced
obstacles, mainly due to low voltage DC generation and no
efficient transformer alternative, leading to short-distance
transmission. With advances in power electronics [4-6], the
efficient step-up of DC voltage has been made possible,
leading to HVDC systems that are capable of long-distance
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transmission. As power electronic circuits and devices
continue to mature, the benefits of adopting DC systems will
continue to increase.

An HVDC transmission system may exist between AC
generation and AC load. It includes an AC/DC converter
station at the sending terminal, known as a rectifier, and
a DC/AC converter station at the receiving terminal, known
as an inverter, with the HVDC transmission line in between
for unidirectional operation. Bidirectional converters may
also be deployed for a two-way operation. The connection
point between the AC and DC systems is called the point of
common coupling (PCC). It is typically used to track and
control the active and reactive power injection into and out
of the AC system [7]. Two different types of converter
stations are typically used: line-commutated converters
(LCC) and voltage source converters (VSC). Both of these
may be applied in various configurations such as monopolar
and bipolar connections [8-10]. The converter in
LCC-HVDC systems is based on thyristors, which are turn-
on switches. For thyristors, gate control signals are used to
control the operation mode depending on the firing angles.
For a rectifier, the firing angles, or ignition angle, should be
between 0 and 90 degrees, whereas for an inverter, the firing
angles should be between 90 and 180 degrees [11].
VSC-HVDC technology is newer than LCC-HVDC and it
has been improving significantly. The converter in
VSC-HVDC systems is based on self-commutating switches,
which turn on/off, such as gate turn-oft thyristors (GTOs)
and insulated-gate bipolar transistors (IGBTs). VSCs use the
pulse-width modulation (PWM) technique and operate at
a high frequency to control the gate-switching frequency [9].
VSC-HVDC systems have the ability to switch the current
on and off at any time, regardless of the AC voltage; in
reality, they recover from blackout cases by generating their
own AC voltage. The active and reactive powers are con-
trolled separately. It has the advantage of providing reactive
power to support the system’s stability [12]. Converter
stations are the most expensive HVDC component, which is
the main challenge of HVDC deployment.

Even though HVDC systems require high-priced con-
verter stations, this is a fixed initial cost and is offset by the
lower operating cost. Nevertheless, HVDC may not be fi-
nancially feasible for short distances [11]. The break-even
distance is the point where the HVDC system becomes more
economically feasible than HVAC. There are different es-
timated ranges for HVDC break-even distance. Typically,
break-even distances range from 300 to 800 km for overhead
lines, and from 50 to 100km for underground cables,
depending on route-specific conditions such as local poli-
cies, ROW, transmission lines installation costs, and power
and voltage ratings [11, 13, 14].

Moreover, due to grid stability drawbacks, more AC lines
are often needed to transmit the same amount of power over
the same distance than DC lines. In addition, long-distance
AC lines generally require intermediate switching stations
and reactive power compensation [11, 15].

Deployment of HVDC transmission systems is growing
in some applications that can benefit from their many ad-
vantages, such as stability and robustness compared to
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existing HVAC systems [16]. Also, HVDC outperforms
HVAC transmission systems by reducing fault currents,
having less corona effect, lower radio interferences, sharing
utility ROW without reducing reliability, mitigating envi-
ronmental issues, economics of long-distance bulk power
transmission, and controllability [10, 17]. Furthermore, the
higher voltage in HVDC transmission helps overcome the
transmission line’s voltage drop and stability limits [18].
HVDC is more flexible in power exchange than HVAC; it
has a faster control of power flow and is independent of
other parameters such as frequency and voltage [1]. Despite
the fact that HVDC systems, especially VSC-HVDC, have
advanced significantly, it is important to acknowledge the
continued need for thorough studies and investigations
focusing on the reliability of VSC-HVDC cables and lines
and AC/DC converters, where the accuracy of the
VSC-HVDC models can be affected by the choice of cable
model [19].

HVDC transmission systems increase the transmission
capacity and reduce power losses through the line. The
capacity may increase by a factor of 3.5 of HVAC systems
when using the same size transmission lines, and keeping the
mechanical performance of the towers, including the body
and foundations, largely unchanged [20, 21]. The conversion
from HVAC overhead lines to HVDC offers environmental
benefits, increased power capacity, and economic advan-
tages for specific scenarios. By considering case studies,
priority can be given to congested transmission lines re-
quiring a substantial capacity boost while minimizing right-
of-way challenges and permitting procedures [22, 23].

Although HVAC does have advantages over HVDC,
such as lower installation costs, HVDC is a more efficient
solution, and it may prove feasible over the system’s lifetime.

The main cable losses in HVDC are limited to resistive
losses due to the absence of capacitive and inductive
charging effects, and the power factor is unity throughout
the DC system. Also, there is no skin effect in HVDC lines,
which increases the rated current due to lower cable re-
sistance than in HVAC lines [24]. The largest share of the
total losses in HVDC systems is found in the converter
stations; in contrast, the signiﬁcant losses in HVAC systems
are cable losses [12].

Several studies investigated the HVDC transmission
system’s performance and compared it with HVAC trans-
mission. In [25], researchers evaluated both LCC-HVDC
and VSC-HVDC transmission systems, as well as their
operating characteristics, power rating capability, control
capability, and power losses. In addition, the transient re-
sponse to faults in the AC side at both HVDC ends was
examined. It was shown that the converter’s controllers
contribute to reduce the impact of faults at the converter,
proving the HVDC systems’ immunity to AC faults. The
study is based on an HVDC link installed between two
external AC grids. The design only considered a point-to-
point HVDC link without considering any external HVAC
line or the overall grid’s performance.

The effect of replacing a single 400 kV HVAC overhead
line with LCC-HVDC and VSC-HVDC transmission sys-
tems on the grid is examined in reference [1], with the
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presence of high renewable energy sources (RES) generation.
It was noted that the LCC-HVDC transmission systems
require reactive power compensators; whereas, in the
VSC-HVDC transmission system, the reactive power can be
controlled independently, improving voltage stability.

In [26], two large generation sources are shared for the
IEEE-RTS system and IEEE-39-bus system in the presence of
large renewable energy generation with different generation
mix ratios. Interconnection between the two systems is used
to show the benefits of HVDC transmission. Results showed
that the HVAC grid needs to generate a higher capacity than
the HVDC grid to compensate for the power losses.
Moreover, AC interconnection needs more parallel lines.
The proposal to install a new HVAC power path is also
discussed in reference [27].

Authors in reference [28] proved that installing HVDC
lines in parallel with existing HVAC might be a solution for
the transmission capacity since constructing new overhead
lines can be problematic. It is also shown in reference [29]
that integrating an HVDC transmission system improves the
power flow through the higher capacity of the HVDC
transmission system and voltage assistance, thus reducing
system operating costs.

In [30], a VSC-HVDC transmission system is proposed
to link two areas in Pakistan. The economic analysis dem-
onstrated that the proposed system would provide economic
stability and energy security to the region.

The literature also examines the effect of HVDC
transmission across international borders [31-34]. This is
indeed an interesting topic but only looks at the internal
national grids as a lumped system, without considering the
internal dynamics which are investigated in this work.
Furthermore, some studies have specifically explored the
impact of embedded HVDC, particularly for VSC-HVDC,
on the overall system [35].

A comprehensive evaluation analysis is needed to ex-
amine the overall grid performance under steady-state and
transient conditions in the presence of extensive renewable
energy penetration. This study incorporates the HVDC
system into an entire network rather than analyzing it as an
isolated radial system. The analyses will consider different
scenarios in both static and dynamic states in the presence of
high-RES generation. The overall system response will be
evaluated rather than focusing only on the HVDC link. This
is a gap in the literature, where only the HVDC system is
typically studied. In this paper, the replaced transmission
system, in addition to the entire network, is examined. The
analysis and studies used are explained in detail in the next
section. Jordan’s national electric network will be modeled
and taken as a case study to examine the HVDC trans-
mission system using a realistic network.

A complete power system analysis of all parts of the grid
must be completed in order to evaluate the effect of HVDC
integration. As can be observed from the literature, this has
not been performed and is the focus of this work.

In this paper, Section 2 details the methodology used.
Section 3 provides the modeling approach, explaining the
aggregated systems’ methodology and the Jordan’s national
electric system model. Section 4 offers insight into the

DIgSILENT PowerFactory model, while Section 5 presents
the simulation results and discussion, which are followed by
the conclusion in Section 6.

2. Methodology

The main scope of this research is to investigate the grid’s
overall performance in the presence of RES. A systematic
approach is proposed that evaluates the important system
stability considerations through standardized, well-defined
power system stability analysis for static and dynamic
conditions.

Load flow, sometimes called power flow, is a funda-
mental analysis to investigate the system during steady-state
conditions, ensuring that generation equals the sum of
demand and losses, and verifies that the voltage of each
busbar is close to rated values. Active and reactive power,
node voltage magnitudes and angles, transmission line
losses, and loadings can all be found using this method. The
dispatched load flow approach is used in this research, which
means that the active power balance is formed by a single
reference generator or an external grid, known as the slack
bus. Nevertheless, a distributed slack approach on the
synchronous generators can be used to balance the
active power.

Since power systems should deliver power reliably and
safely, adequate short-circuit handling must be considered.
Consequently, the systems’ behavior under short circuit or
fault event should be studied using the short-circuit analysis
method. There are several standards for short-circuit cal-
culations, for example, VDE0120, ANSI/IEEE 946,
IEC61363, and IEC60909 [36-39]. However, a complete
method, or a superposition method, is used in this research
based on the precise evaluation of the fault current. In fact,
the complete method is not a calculation performed under
any particular standard; it is based on a more comprehensive
set of data than the simplified calculations used by standards.
Therefore, it produces more accurate results for initial short-
circuit currents. Furthermore, the complete method con-
siders the current flowing from the loads and RES in the
network, whereas in IEC 60909, for example, the load
currents are neglected during calculations. Accordingly, the
IEC 60909 is helpful for the design stage of a project, while
the complete method helps analyze projects during opera-
tion [40, 41].

Contingency analysis investigates power flow changes
due to a generator, transmission line, or transformer outages
[42]. It is used to assess the system’s stability after unplanned
events or outages for a single element (N-1) or a group of
elements (N-k). Several violations could occur from outages,
such as a sudden voltage rise or drop, exceeding trans-
mission line loading limits, or overloading in some branches,
which may lead to stability issues. Contingency analysis
results are used to predict the issues caused by the outages
and help develop strategies to overcome them [43, 44].

The root mean square (RMS) simulation is used to in-
vestigate system dynamics during transient events in both
balanced and unbalanced conditions. It is used in many
applications, such as studying the compliance of RES or



HVDC systems design. Many events can be studied using
this tool, especially short-circuit events, switching events,
and outages of an element. However, this analysis is mainly
used in this research to investigate the synchronous gen-
erator’s rotor angle stability to determine the critical clearing
time (CCT). The procedure for this analysis is illustrated in
Figure 1.

The short-circuit events are utilized using IEEE Std.
3002.3, which implies that the short-circuit event is applied
using a bolted three-phase short-circuit with a duration of
1.5-4 cycles, i.e., 0.03-0.08 seconds at 50 Hz [45]. The event
definition method is explained in Figure 2, where
t,=1t;+0.08 as per the standard.

Jordan’s national electric grid will be modeled in DIg-
SILENT PowerFactory software and a single HVAC line will
be replaced with an HVDC system. The methodology that
will be used in the study is as follows: to analyze simulation
results and compare the outcome of the original HVAC
model with both the LCC-HVDC and VSC-HVDC systems,
using the power system analysis described above. The
models used are all standard software models that have been
extensively used in the literature. Thus, even though power
system models are generally not verified against real event
data, emulating such scenarios realistically is not possible;
the models are adherently sound and accepted by the re-
search community. All models have been characterized
using actual data from official sources and reports, thus the

results can be considered accurate within an
acceptable range.
3. Modeling Approach

To better model the electric grid in this research, the network
will be divided into several connected aggregated systems.
As the focus of the study is the transmission system, details
within the distribution system are insignificant, and thus
lumped into one node. All the characteristics related to load
and generation are still captured, which still allows for ac-
curate grid-wide analysis. Abstracting and simplifying parts
of the grid will better demonstrate and highlight the results.
Boundaries and assumptions will also be defined.
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3.1. Aggregated Systems. 'The electrical grid is abstracted into
three levels: load, transmission, and generation. The ag-
gregated system is the abstraction of the system for a par-
ticular geographical part of the network, for example,
northern, central, and southern areas.

The study’s focal point is on the transmission level.
Hence, the transmission voltages in the study are 132 kV and
400 kV, which are the actual transmission voltages in Jordan.
While the 33 kV distribution level is considered as part of the
system’s load.

The load data, which are usually provided as an annual
demand in GWh, are not adequate for modeling. The load
distribution approach must consider the load factor (LDF),
which indicates the average load from the load curve. The
load factor value is usually less than or equal to one and is
calculated by using equation (1) [46].

Average Demand (MW)

LDF =
Peak Demand (MW)

x 100%. (1)

The average demand in MW is found by using equation
(2). The load distribution approach requires the diversity
factor (DF), expressed in equation (3) [47].

Average Demand (MW) =

DF

Total Energy (GWh)  1000MW )
Total Period (hours) IGW ’
_ 2.(Individual Maximum Demands) 3)

Maximum Demand of the System

Each aggregated system has two substations, 400/132kV
and 132/33kV, and each substation is designed with two
parallel transformers. Therefore, the substation ratings are

calculated as shown in equation (4) and to account for future
expansion, a 30% percent safety margin is used as an ac-
ceptable market practice.

Subsation Rating (MVA) = Total Generation in Aggregated System (MVA) x 1.3. (4)



Journal of Electrical and Computer Engineering

The aggregated systems are connected with double-
circuit overhead lines. Their specifications depend on the
actual installed transmission line, where the rated current is
calculated by using equation (5).

S
I - rated 3g ] 5
rated \/g « VratedL_L ( )

3.2. Jordan’s National Electric System Model. Jordan’s na-
tional electrical grid is used as a case study. The system’s
boundaries are taken as the countries’ borders and the
connected neighboring countries are not considered in
this model.

In Jordan, most of the RES is in the southern part of the
country (the city of Ma’an), and most of the electrical
demand is located in the central region (the city of
Amman). Therefore, long-distance power transmission is
needed. The National Electric Power Company (NEPCO) is
the authority responsible for electric power transmission in
Jordan. The transmitted power by NEPCO is delivered to
the three distribution companies, which are the Electricity
Distribution Company (EDCO), Jordanian Electric Power
Company (JEPCO), and Irbid District Electricity Company
(IDECO).

The main scope of this study is the “Green Corridor,”
which transmits generated power from the southern part of
the country to the central area. This transmission line will be
switched to HVDC in this study. Therefore, Jordan’s grid is
abstracted into four aggregated systems: Aqaba, Ma’an,
Qatrana, and “Amman and North,” as shown in Figure 3.
The geographical locations for the aggregated systems with
their center locations are illustrated in Figure 4. Actual
transmission line, load, and substation information was
obtained from the different electric companies[48, 49].

Since the power plants and loads are distributed around
the country, they are assigned between the aggregated
systems based on their geographical locations. The aggre-
gated systems’ generation units are shown in Table 1, where
renewable energy generation is shown for both photovoltaic
(PV) and wind [50].

The annual consumption for the three distribution
companies in 2019 was 3443.5 GWh, 11230.1 GWh, and
3680.3 GWh for IDECO, JEPCO, and EDCO, respectively
[51]. All loads for IDECO and JEPCO are in the “Amman
and North” aggregated system whereas EDCO loads will be
divided among the aggregated systems as follows: Aqaba’s
load within the Aqaba aggregated system, Ma’an’s and
Tafila’s loads in Ma’an’s aggregated system, Karak’s load in
the Qatrana aggregated system, and Jordan Valley’s load in
the “Amman and North” aggregated system. The pie chart in
Figure 5 shows the distribution of customers in EDCO [48].

The loads in the system are diversified, as the number of
customers includes different types of consumption. Con-
sequently, the loads are divided based on the consumption
for each individual city instead of taking the number of
customers. Based on the available data from 2019, the total
consumption over a year for EDCO regions is tabulated in
Table 2.

The peak load in Jordan in 2019 was 3380 MW [51].
Therefore, the LDF for the Jordanian system is 62%, which
means the average demand is 62% of the peak demand.
Furthermore, the DF is 1.03, reflecting that the load is
slightly diversified as most of it is concentrated in Jordan’s
central area. The total loads in Jordan’s aggregated systems
are summarized in Table 3. A power factor of 0.95 inductive
is selected for all loads.

The transmission line data provided by NEPCO are
tabulated in Table 4, where all transmission lines in the
system are double-circuit lines.

4. DIGSILENT PowerFactory Model

The DIgSILENT® PowerFactory 2021 SP5 simulation pro-
gram is used for modeling and simulation in this study. This
software was chosen for its capability in analyzing genera-
tion, transmission, and distribution systems under static and
dynamic conditions [52]. In addition, this software has the
capability to include power electronics equipment in the
power system simulation. Since DIGSILENT PowerFactory
uses a single database for all equipment in a power system, it
can efficiently execute all power simulation functions within
a single program environment. Investigations and com-
parisons will be based on standard analyses with different
scenarios. The software has been widely used in the litera-
ture, as in [25, 53-55].

Jordan’s network was chosen as a case study and the
single-line diagram (SLD) is shown in Figure 6. Ma’an
aggregated system has the most RES generation, while the
“Amman and North” aggregated system has the largest
demand. The “Green Corridor” is the transmission line
connecting the two, which is the primary target of this study.

The Green Corridor is investigated in three different
cases: HVAC, LCC-HVDC, and VSC-HVDC transmission.
Each of these is modeled by adapting the existing HVAC
without changing the transmission line, as shown in the
following subsections.

4.1. Jordan’s Model Using the HVAC Transmission System.
The existing system uses an HVAC transmission system, as
can be seen in Figure 6. It will be investigated and compared
with the proposed HVDC transmission systems, where the
target line is the Green Corridor (Ma’an-Qatrana’s 400 kV
overhead line).

4.2. Jordan’s Model Using the LCC-HVDC Transmission
System. The Green Corridor is changed to a bipolar
LCC-HVDC transmission system and it transmits power
from Ma’an to Qatrana. Accordingly, the rectifier station is
installed at the Ma’an 400kV busbar, where the inverter
station is installed at the Qatrana 400 kV busbar to maintain
the same power flow, as illustrated in Figure 7.

The converter stations’ transformers have a unity
nominal turns ratio to demonstrate the voltage level dif-
ference between AC and DC systems. The DC voltage of the
ideal uncontrolled converter can be found by using equation
(6) [40].
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FIGURE 3: Aggregated systems block diagram.

Uy = aBal % sin(z) X E

m q) V3
where s, defines the number of commutation groups, q is the
number of branches in a commutation group, and U, _; is
the AC voltage supplied to the converter station. The
converters are 6-pulse converters, where there are two

(6)

xUp 1

7).

commutation groups and three branches in each group.
Accordingly, the DC voltage is calculated by using equation

2

Ugo =——— Upp = 1.35U;, = 54019V (7)
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FIGURE 4: Aggregated systems map.

TaBLE 1: Aggregated systems generation.

Aggregated system Total nonrenewable (MW)

Total wind (MW) Total PV (MW)

Aqaba 656
Ma’an 0

Qatrana 373
Amman and North 3316

0 10
368 173.5
0 0
1.57 232

DISTRIBUTION OF CUSTOMERS

Jordan's Valley &
East Area
24%

Agaba

Ma'an

Tafila
15%

10%

Karak
31%

FIGURE 5: Customer distribution in EDCO regions.

The converter stations are thyristor-based and the DC
voltage depends on the firing angle («). Therefore, the value
of the DC voltage is found using equation (8), where the
nominal firing angle of the model is 15 degrees.

TABLE 2: Energy consumption for EDCO regions.

Total consumption (GWh

Region per year)
Aqaba 866.537
Jordan’s Valley 1348.576
Suweimeh 477.336
Other southern cities 987.851
Total 3680.3

TaBLE 3: Aggregated system’s loads.

Aggregated system Load (MW)
Aqaba 99
Ma’an 56
Qatrana 111
Amman and North 1829
Uygy = Uy x cos(a), (8)
Uygy = 540.19 - cos(157) = 521.78 kV. 9)

The controlled characteristic used for the rectifier station
is PDC control. The power setpoint for the converter station
is set as 406 MW to maintain a consistent power flow as in
the HVAC system. The design assures equivalent ratings to
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TaBLE 4: Transmission lines data of Jordan.

Voltage (kV) R, (Q/km) X, (Q/km) Ry (Q/km) X, (Q/km) Smax (MVA) Laea (KA)
132 0.0696 0.3913 0.3096 1.2644 160 0.7
400 0.0244 0.3094 0.9542 0.9542 600 0.866
Non-Renewable [Qatrana] T Load [Qatrani]
Qatrana_33 kV QF
Qatrana Substation 132/33 kV %
Qatrana_132 kV
Qatrana Substation 400/132 kV
Qatrana_400 kV —
_ _ —>>
E Ma'an_132 kV Amman_132kV S=
S
Sa—of Ma'an-Qatrana/132 kV Qtrana-Amman South/132 KV
E Green Cortidor . Qtrana-Amman South/400 kv
e g I G g b——0
2 g Qatrana-Amman West/400 kV ta—(()—=¢
. Ma'an-Qatrana/400 kV g _
: Ma'an_400 kV 2 £ 2
S—st e & Aqgaba-Amman East/400 kV t——Q = z
> = - Z Z ]
A ] 5 @ IS
L Aqaba-Ma'an/132 KV 2|3 =
e = Amman_400 kV § b
- = £
Ma'an_33kV £ S 2 kst
Z il Z 2
§ _«é g g Amman_33 kV
- z . —— Aqaba_400 kv 5 <
E
s Aqaba Substation 400/132 kV

1
;

Aqaba_132kV

Aqaba Substation 132/33 kV

Non-Renewable [Aqaba)

Aqaba_33 kV

PV [Aqaba] Load [Aqaba]

Fi1GURE 6: Jordan’s model SLD.

maintain a fair comparison. Since the bipolar configuration
is used, the positive link will transmit half of the power and
the negative link will transmit the other half. The inverter
station control characteristic is VDC, whereas the voltage
setpoint is 1 p.u.

The commutation reactance for the converter station is
13.445 Q) based on the software-defined template. The tap-
changer for the transformer is used as a fixed tap with a 30-
degrees phase shift between the converters X and Y in each
substation. The phase shift is established by using Yy-12 and
Yd-11 transformers to reduce the low-order harmonics,
especially the fifth and seventh harmonics [56-58].

4.3. Jordan’s Model Using the VSC-HVDC Transmission
System. The Green Corridor is designed as a VSC-HVDC
transmission system, as shown in Figure 8. One of the main
advantages of the VSC-HVDC over the LCC-HVDC
transmission system is its ability to reverse the power flow.
Consequently, pulse-width modulation (PWM) converters
are installed at the terminals of the Green Corridor, where

the power can flow in both directions. The installed PWM
converter is a full-bridge modular multilevel converter
(MMC) with an arm resistance of 6 mQ and an inductance of
60 mH; these values are chosen based on the software-
defined template.

VSC-HVDC systems are more flexible than LCC-
HVDC; hence, more control options exist. However, con-
trolling the reactive power at both ends is preferred to ensure
minimum losses due to the lower currents. The power flow
direction is set from Ma’an to Qatrana to maintain the same
power flow for all system models. The DC voltage is 522 kV
to maintain a fair comparison with the other systems. The
inverter control mode is VDC-Q, where the DC voltage
setpoint is 1 p.u., and the reactive power is zero MVAR.

5. Simulation Results and Discussion

Jordan’s system is examined under different conditions using
different power analysis functions to evaluate each system’s
performance under these conditions. Therefore, the HVDC
systems’ findings and contributions for enhancing the
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FIGURE 7: Jordan’s model LCC-HVDC transmission system.

performance of Jordan’s national grid are shown and com-
pared with the HVAC transmission system using five sce-
narios, as shown in the following subsections. The converter
stations’ settings are maintained in all scenarios. In all sim-
ulations, the data are gathered from the software and tabu-
lated for comparison, as there is no graphical way to show the
results from the three different simulations together, and
different analyses have different result visualization.

5.1. Scenario 1: Load Flow Analysis for Normal Conditions.
In order to analyze the steady-state behavior of Jordan’s
network, a load flow analysis is conducted under normal
operating conditions. The base scenario is established by
considering the complete dispatch of renewable energy
generation, representing the average load demand. This
entails operating the PV and wind generation systems at
their maximum capacities, reflecting their full potential
contribution. Conventional power plants will contribute to
balancing the active power of the system.

The variations in power flow and system performance
between the different systems were observed. In addition, the
power losses and transmission lines’ capacities are compared
for the different systems.

The differences between the three transmission systems
are summarized in Table 5. The findings show that the
HVDC systems outperformed the HVAC system. The
HVDC Green Corridor has reduced the power losses by 70%
compared to the HVAC transmission. Furthermore, the
VSC-HVDC Green Corridor has lower power losses than the
LCC-HVDC since the PWM converters do not consume
reactive power, which leads to lower transmission current
and lower power losses. However, it is worth mentioning
that the LCC-HVDC system requires 129.9 MVAR of re-
active power by the converter, which is about 35.19% of the
active power by the converter, which may have a slight effect
on the overall system power factor.

5.2. Scenario 2: Load Flow Analysis with PV System’s Outage at
“Amman and North”. Due to the significance of the PV
system in “Amman and North,” the system is investigated
when the aggregated system’s PV generation experiences an
outage, while the other renewable energy generations are
fully dispatched. The losses between the different trans-
mission systems are compared, in addition to examining the
transmission line’s capacity. The simulation results of the
three transmission techniques are summarized in Table 6. It
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TABLE 5: Scenario 1 simulation result.
Metric HVAC LCC-HVDC VSC-HVDC

Grid losses (MW) 4.02 2.78 2.69
Green Corridor

Josses (MW) 1.89 0.58 0.55
Green Corridor loading (%) 33.84 22.99 22.4

TABLE 6: Scenario 2 simulation results.

Metric HVAC LCC-HVDC VSC-HVDC

Grid losses (MW) 4.27 3.08 2.99
Green corridor losses (MW)  1.92 0.58 0.55
Green corridor loading (%) 34.1 22.99 22.42

can be noticed that both HVDC systems have lower losses
than the HVAC system. However, the losses in LCC-HVDC
transmission are slightly higher than VSC-HVDC due to the
higher current in the LCC-HVDC system. Again, in this
scenario, the LCC-HVDC system requires 129.9 MVAR of
reactive power by the converter, as the outage is not directly
connected to the system’s terminals and this mimics the
conditions of the previous scenario.

5.3. Scenario 3: Three-Phase Short-Circuit at Ma’an’s 400 kv
Busbar. This scenario evaluates the different transmission
systems subjected to a bolted three-phase short-circuit
using the complete method at the sending terminal of
the Green Corridor (Ma’an’s 400 kV busbar), when the RES
in the system are fully available. The short-circuit analysis
will examine the short-circuit currents and power and the
voltages at the busbars will be observed to compare the
voltage changes between the different transmission
systems.

As Ma’an’s 400kV busbar is only connected to the
Green Corridor, the fault is appropriately isolated using
the HVDC transmission systems. Comparisons between
the HVDC and HVAC systems are shown in Table 7. The
initial short-circuit power (Syg), initial short-circuit
current (Iy), and peak short-circuit current (i,) values
at the fault location are significantly lower, proving
HVDC systems’ immunity against the fault. Moreover, the
voltage variations at the busbars are considerably lower,
demonstrating the higher voltage stability of HVDC
transmission systems. For example, the “Amman and
North” aggregated system voltage variations are 2.7%-
3.4% when using the HVDC systems and are 17%-36.1%
in HVAC systems.
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TABLE 7: Scenario 3 simulation results.

Comparison HVAC LCC-HVDC Difference* (%) VSC-HVDC Difference** (%)
Siss (MVA) 5249 1001.2 -80.93 1107.96 -78.89
Fault location Ikss (kA) 7.577 1.445 -80.93 1.599 -78.90
ip (kA) 19.42 3.333 -82.84 3.688 -81.02
AN ~21.26 -8.16 ~61.62 -8.25 ~61.19
Aqgaba AV ey ~23.68 -9.09 -61.61 -9.18 -61.23
AN ~24.69 -8.37 ~66.10 ~8.42 ~65.90
AN ~97.04 ~96.19 ~0.88 ~96.22 ~0.85
Ma’an WAV |y ~97.04 -96.19 -0.88 -96.22 -0.85

AV 4oy ~100 ~100 0.00 ~100 0.00

AV 531y ~30.04 -6.11 ~79.66 -6.1 ~79.69
Qatrana AN ~33.55 -6.83 ~79.64 -6.83 ~79.64
WAV 40y ~36.14 -5.38 -85.11 -5.39 ~85.09
N ~16.99 -2.81 -83.46 -2.76 -83.76
Amman and North AV |y ~18.86 -312 -83.46 -3.11 -83.51
WAV 40w ~20.66 -3.41 ~83.49 -3.44 -83.35

*Difference of LCC-HVDC with respect to HVAC. **Difference of VSC-HVDC with respect to HVAC.

5.4. Scenario 4: Contingency Analysis for the Green Corridor.
The robustness and reliability of the system are assessed in
this scenario by applying the N-1 contingency analysis to the
Green Corridor double-circuit transmission line, i.e., the
Green Corridor works as a single circuit only when the other
line is disconnected during the contingency. The differences
in the power flow, power losses, and transmission capacity of
the system are observed for the three transmission systems.
Any violations are also reported.

When using HVAC, the loading on the Green Corridor
increases from 33.8% to 59.4% due to the N-1 contingency
event. The Green Corridor transmits 356 MW during
contingency compared to 406 MW under normal condi-
tions. The balance is distributed on the other lines, which
changes the system’s power flow, leading to an increase in
the system’s losses. The overall system losses increased by
63.21% (from 4.02 to 6.56 MW) and the Green Corridor
losses increased by 53.44% (from 1.89 to 2.9 MW).

When using the LCC-HVDC Green Corridor, the power
flow changes in the system are negligible. The LCC-HVDC
Green Corridor maintained the power flow with the same
amount of transmitted power due to its capability to handle
more power capacity during contingency. All loadings and
voltages are kept at the same value, except the losses in the
Green Corridor which increased by 172% (from 0.58 to
1.58 MW) due to transmitting more power. However, the
overall losses have increased by only 20.7% (from 2.78 MW
to 3.35 MW).

When using VSC-HVDC, the results demonstrate that
the system handles the contingency appropriately, since it
maintained the same power flow during the contingency
event. The Green Corridor still transmits the same amount
of power while the rest of the system is not affected. The
loading of the Green Corridor is doubled. Therefore, the
losses increased by 100% (from 0.55 MW to 1.1 MW) and the
overall system losses increased by 20.34% (from 2.69 MW to
324 MW).

The N-1 contingency event is handled correctly when
using the HVDC transmission systems without changing the
power flow in the system. Consequently, the increase in the
overall losses in the system is much lower than that of the
HVAC transmission system. This scenario demonstrated the
capability of transmitting more power in HVDC lines. A
sample of the simulation results is shown in Figure 9. It is
worth mentioning that HVDC systems are more resilient to
partial line outages, for example, if one of the polarities
experiences an outage, partial proportionate operation is still
possible. However, this is only possible under open delta
conditions in AC systems, which is not typical in
transmission.

5.5. Scenario 5: Stability Analysis for Qatrana’s Synchronous
Generator during a Busbar Three-Phase Fault. The RMS
simulation tool is used in this scenario for stability analysis
and to evaluate the system’s dynamics. The event is a three-
phase short-circuit with a duration of 0.08 seconds applied
on the transmission line terminal at Qatrana’s 33 kV busbar.
It should be noted that all protection devices are considered
inactive during this analysis; in other words, all relays and
circuit breakers are disabled.

The “Amman and North” conventional generator is the
reference machine, as it is the largest nonrenewable gen-
eration in the network. The conventional generation at
Qatrana is represented by a synchronous generator and is
examined to determine its active power and the rotor’s speed
and angle. In addition, the CCT will be determined.

Using HVAC, the active power, rotor speed, and rotor
angle of the synchronous generator at Qatrana are shown in
Figure 10. The fault is cleared in 0.58 seconds. At this time,
the active power rises to its maximum value of 626.2 MW
and then starts to oscillate, reaching a steady-state in
9.5 seconds, as shown in Figure 11. The rotor speed starts to
increase during the fault until the fault is cleared. During the
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Ficure 9: Contingency analysis for VSC-HVDC Green Corridor.

recovery process, the rotor angle still has kinetic energy from
the fault event and reaches a maximum value of 1.008 p.u.
and settles down in 74.8 seconds. The synchronous generator
behavior is illustrated in the power angle curve, shown in
Figure 12.

At the beginning of the event, the active power falls to
zero immediately, where the rotor angle remains at the
initial value due to the rotor’s inertia. As the rotor speeds up,
the rotor angle increases until the fault is cleared. At this
point, the power rises with an oscillating behavior, and the
rotor speed starts to decelerate, maintaining a stable con-
dition. The rotor angle oscillates between 68.33 and 162.05
degrees until it is 51.28 degrees, which is the same as the
initial condition. Therefore, the synchronous generator stays
in synchronism during this event and the CCT is 296 ms.

By using LCC-HVDC, the active power reaches a max-
imum value of 662.8 MW and then starts to oscillate.
However, the LCC-HVDC converters experienced a com-
mutation failure during the postfault recovery process,
resulting in instability on the AC side, as illustrated in
Figure 13. Losing synchronism leads to a continuous in-
crease in the rotor speed, where the rotor angle swings
between —180 and 180 degrees, known as a pole-slip. The
active power fluctuates between —201.2 MW and 262.9 MW.
The power angle curve is illustrated in Figure 14.

When using VSC-HVDC, the active power reaches
a maximum value of 718.9 MW during the postfault recovery
process and starts to oscillate, settling at 373 MW in
6 seconds. Both rotor speed and rotor angle oscillate until
they reach the steady state in 6.1 seconds, maintaining stable
conditions. The active power, rotor speed, and rotor angle of
the synchronous generator at Qatrana are shown in Fig-
ures 15 and 16. The power angle curve, shown in Figure 17,
illustrates the rotor angle swinging between 63.4 and 38.9
degrees during the deceleration process, reaching steady-
state, which is the same as the initial condition. The syn-
chronous generator remains in synchronism and the CCT is
303 ms.

This analysis showed the differences between HVAC,
LCC-HVDC, and VSC-HVDC systems in terms of sta-
bility. The results validate that VSC-HVDC has the best
performance since the system reached the steady-state
conditions in a shorter time and has longer CCT com-
pared to the other techniques. In contrast, the
LCC-HVDC system suffers from commutation failure
during the recovery process affecting the grid’s stability.
This issue can be solved by employing auxiliary syn-
chronous condensers but this solution adds complexity
and cost. In the HVAC case, the rotor angle swinging
range is extensive and has lower CCT.
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5.6. Overall Discussion. As can be seen in the above-
mentioned results, the HVDC transmission systems out-
performed HVAC by proving their merits in several
scenarios, such as having lower losses and higher trans-
mission capacity. Moreover, HVDC systems are immune to
fault conditions since they perform as barriers, keeping
lower voltage variations and lower short-circuit currents.
HVDC systems can handle contingency events suitably since
they maintain the same power flow and have the feature of
higher capacity.

However, it is notable that LCC-HVDC converters re-
quire more reactive power and are susceptible to commu-
tation failure. Using commutation failure elimination
equipment such as TBCC increases the cost and complexity
of the system. As a result, the VSC-HVDC system is the best
option for transmitting the RES energy from the southern
part of the country to the central area by considering the
different aspects.

6. Conclusion

This study examined the different transmission approaches
that can be integrated into an existing HVAC power system
with a high penetration of renewable energy resources. Two
types of HVDC systems are proposed: LCC-HVDC and
VSC-HVDC.

The Green Corridor in Jordan’s national electric grid was
chosen as a case study. All generation, transmission, and
distribution characteristics are modeled during the study to
conduct a realistic system investigation. The HVDC trans-
mission system is integrated into a comprehensive system to
examine and observe the grid’s overall performance, re-
action, and recovery process.

The results show that both the HVDC transmission
systems outperform the HVAC due to their lower trans-
mitted power losses and higher capacity features. The
transmitted power losses are reduced by 70% when using the
HVDC systems. This negates any additional HVAC line
installation, avoiding violating the ROW. The VSC-HVDC
system often does not consume reactive power and has
better voltage magnitudes, which leads to lower power losses
than the LCC-HVDC system.

HVDC systems handled contingency events better than
HVAC due to their high reliability and high transmission
capacity, which leads to sustaining high power transmission
during a contingency event without stressing the trans-
mission line loading. Furthermore, the investigations during
short-circuit events proved that the voltage stability of the
HVDC is remarkably better than that of the HVAC system
by appearing as a barrier against faults.

The stability analysis showed that the CCT is longer
when integrating HVDC systems than when integrating
HVAC. Nonetheless, it is worth noting that LCC-HVDC
systems may suffer a commutation failure issue during the
post-fault recovery process due to the physical properties of
the thyristors, which affects the stability of the AC side. On
the other hand, VSC-HVDC systems have increased the
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grid’s stability by settling the rotor angle and rotor speed
faster than the other systems. Also, VSC-HVDC systems do
not demonstrate any problems during the post-fault re-
covery process.

In conclusion, the VSC-HVDC benefits outweigh both
HVAC and LCC-HVDC in terms of power losses, capacity,
and stability. Moreover, VSC-HVDC systems are more
flexible due to more control options, e.g., the active and
reactive powers can be controlled independently. Whereas,
in LCC-HVDC systems, the reactive power is a function of
the active power; hence, it cannot be controlled. Finally, the
overall results confirm that the VSC-HVDC approach serves
as a better alternative than both HVAC and LCC-HVDC
systems, as it was demonstrated in the Green Corridor
transmission line case study.

As this topic is vast and there are several avenues for
expansion, future work may include the effect of generation
scheduling and power flow, integrating system protection
and relay settings, requirements for DC circuit breakers,
optimization to minimize the HVDC transmission systems
integration cost, AC and DC harmonic filters, and grid
connection with other systems.
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