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The transmission network of a power system is important in connecting interactions
between the generation and distribution sides. A significant aspect in the power system
profile is voltage improvement. This study intends to examine the impact of inserting High
Voltage Direct Current (HVDC) on the system's voltage stability, network power losses
and power transfer capacity of transmission network under several cases of load
contingency. IEEE 57-Bus test system is used for testing the addition of HVDC
transmission based on genetic algorithm. Modeling of point-to-point HVDC transmission
and multi-terminal HVDC transmission is carried out using the Power System Simulator
for Engineering (PSS/E) version 32 Package Program (A collection of computer programs
and organized data files called PSS/E software was developed by Siemens PTI to handle
the fundamental tasks of power system performance simulation work). The system's
performance was compared with and without the HVDC inserted under different loading
scenarios: 5%, 10%, and 20% of the total load. The comparative results can show that
active power losses at the normal load case are reduced by 55.714% after inserting point
to point HVDC topology, and after inserting multi-terminal HVDC topology reduced by
68.214%. Also, the reactive power losses reduce by 55.714% after inserting point to point
HVDC topology and after inserting multi-terminal HVDC topology reduced by 66.830%
at the same case. The results shown that inserting HVDC Transmission to the system gives
better improvement in bus voltage profile and a significant reduction in total network
power losses and increase in power transfer capacity of transmission network. The results
also showed that multi-terminal HVDC transmission is better in voltage improvement and
total power losses reduction when HVDC Transmission is added to the system.
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1. INTRODUCTION HVDC. Reactive power in transmission lines, which limits the

power transmission capacity in HVAC technology and

In order to transfer significant amounts of electrical energy,
high voltage alternating current (HVAC) systems have been in
use for more than a century [1]. However, typical HVAC
transmission systems have certain limitations, including
lowered reliability in transporting electrical energy, issues
with environmental, efficiency, losses in power, cost of
construction, and the system's voltage stability, which is of the
highest priority [2-4]. Since a significant portion of failures in
a power system are caused by voltage instability, voltage
stability has been recognized as an essential need for a power
system to operate safely and reliably [5]. Due to the weakness
of the HVAC system, massive power losses observed in long-
distance transmission lines [6] are what lead to the majority of
voltage stability issues. Therefore, the usage of High Voltage
Direct Current (HVDC) to enhance AC system networks'
quality and reliability has been based on the requirement to
enhance transmission capacity as well as reduced plant
running costs. This is because the HVDC system has the

advantage of overcoming the limitations of the AC systems [7].

The reactive power consumption issue that occurs during line
charging, especially on cable lines HVAC, is resolved by
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increases the current which led to increase transmission losses,
is not a problem in the HVDC system. Comparing this to AC
high-voltage lines, more power can be transmitted over longer
distances at a lower cost. HVDC systems allow for the
connection of different electrical systems and regions divided
by a large water area, as well as the connection of continental
regions with island regions (such as the UK with Europe). Also,
they are used in linking power systems in situations where
frequency maintenance is problematic or there are different
frequencies [8]. Even while renewable energy sources have
many advantages, their intermittent nature and the distance
between major installations and demand centers have a
significant impact on the stability of the connected grid. In the
presence of large renewable energy installations, HVDC
systems are used as a solution for reliable and stable grid
operation, this is a significant benefit of HVDC, when offshore
areas employ this technology [9]. Hybrid HVAC/HVDC
transmission systems provide several advantages over HVAC
transmission systems, such as a better voltage profile, lower
cost of losses, system stability, better efficiency and
management, and lower short circuit current levels [10, 11].
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Depending on the application, location, and technology, there
are two main topologies for HVDC transmission systems: two-
terminal and multi-terminal HVDC transmission systems [12].

In numerous studies, the HVDC transmission system has
been investigated for its ability to transmit large amount of
electricity over a long distance while minimizing power loss
in the HVDC transmission line [13]. In the study [14], the
power loss in the HVDC transmission line has been calculated
and simulated in two models. Jafarishiadeh et al. [15]
suggested a novel dc/dc converter for linking multiple DC
grids with various voltage levels while additionally controlling
the power flow between them. In the study [16], HVDC
links/bipolar connections were added in a power system to
enhance the voltage profile. Several load scenarios are also
taken into account to assess the system's voltage stability and
power loss. Telang and Bedekar [17] described a method of
applying the load increase pattern that involves changing the
active and reactive loads at all of the load buses under
consideration simultaneously, in order to create stressed
circumstances for load flow analysis using STATCOM. In the
study [18], a simulation of the integration of the HVDC
network shows a reduction in power loss with increasing
demand. The optimal power flow of the combined AC and
VSC-MTDC system has a growing impact on the transmission
grid, as shown in the study [19], to decrease active power
losses [20]. Kumar et al. [21] proposed the idea of network
change to improve the voltage profile and decrease
transmission losses in the practical utility transmission
network.

In this paper, the power transmission stability is enhanced
by inserting the HVDC to the IEEE-57bus test system during
load contengincy. At the most studies deal with adding HVDC
into the AC system, the position for adding HVDC to the
system found by analyzing the Newton-Raphson load flow
results and replacing out the AC line with the highest losses
with an HVDC link. In this study, the best location for adding
HVDC to the system is determined using the genetic algorithm
in order to improve voltage magnitude and reduce the total
power losses.

2. MODELING AND POWER FLOW ANALYSIS

2.1 HVDC system converter model
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Figure 1. Equivalent circuit model for a VSC station [22]

With the use of the Pulse-Width Modulation (PWM)
switching technique, the VSC converter serves as a controlled
voltage source [22]. The output voltage of the VSC converter
can be modulated in terms of magnitude and phase angle using
this technique. Figure 1 shows the VSC converter's equivalent
circuit model, where Y, phase reactor's complex admittance;
V¢, 8¢ and B respectively, denote for the voltage magnitude,
voltage phase angle, and susceptance of the filtering bus; The
converter transformer's complex admittance is represented by
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Yir; The voltage magnitude and voltage phase angle on AC
bus i are, V,.; and &, ; , respectively. Ipc; is the current flow
of the bus i on the DC side.

2.2 Power flow analysis of the AC/DC hybrid system

Finding the voltage on each bus, its magnitude, its phase
angle, and the active and reactive power values passing via
each transmission, is the key information of power flow
analysis [23, 24]. When HVDC is added into the system, the
process becomes more complicated, difficult. The Jacobian
matrix will alter when more variables from each VSC of the
HVDC are added. The computational process and
computational time will rise during load flow steps as more
partial derivatives with regard to HVDC variables are added
and the Jacobian matrix needs to be updated with each
repetition. This problem makes the procedure more
challenging and intricate. The AC/DC hybrid system, that
provides the network with power flow, is shown in detail in
Figure 2, where P, and Q. denote, respectively, the active
power and reactive power injected by the VSC converter at the
AC terminal; Pysc pc is the power that the VSC converter
injects at the DC terminal, and the active and reactive power
that VSC injects into the AC network after flowing via the
phase reactor and converter transformer, respectively, are
denoted as Pygsc - and Qysc qc- The output of Pygc 40 and
Qvsc_ac at the Common Coupling Bus (CC Bus) are able to
adjust by adjusting the alternating current passing into the
phase reactor. The VSC converter's proper modulation can do
this [25].

Vac.iOac.

<
I}
Z
@
c
(%)
P-4

Figure 2. Converter and hybrid AC-DC system [25]

The AC line Y, ;, linking the AC bus i and m will allow
the power exiting the coming coupling bus to pass through.
Eventually, after passing through the admittance Y, ;,,,. The
AC bus [ will be provided with both active power and reactive
power, which are represented by P, ; and Q. ;, respectively.
When passing through the admittance of the DC lineYp ;. , the
active power eventually reaches the DC bus i, which is
identified by Pp ;, in the DC network.

The following are the general power flow equations for the
AC/DC hybrid system:

AC side equations:

Active power and reactive power that VSC injects into the
AC network via the converter transformer are represented by
the variables Pygc o and Qpsc oc » respectively, may be
expressed as [26]:

Pysc_ac = ~VideGes + VacVy[Gey c05(8ac — 6) )
+ Byf sin(5ac — 6})]
Qvsc_ge = Ve Ber + VacVr[Gep sin(8qc — 65) 2)

— Byy cos(daa - 6f)]



In the expression Y = G + jB.r, where Gif and B
stand for the converter transformer's conductance and
susceptance, respectively, the index j indicates the fictitious
value of the complex variable, in this case the admittance Y.
Or is represented the voltage phase angle of the filtering bus.

Converter side equations:

The converter side power flow equation is known with
respect to the complex voltages of the converter's AC terminal
V. and filter bus V¢ [27]:

P. = VG, — V;V.[G, cos(6; — 8,) 3
— B, sin(df — (SC)] )
Q. = —V2?B, + V;V.[G, sin(8; — &.) @

+ B cos(é‘f — 5C)]

where, Y, = G. + jB. and 8. and & represent the voltage
phase angles of ac terminal side of converter and filter bus
respectively. G. and B. are the conductance and susceptance
of the phase reactor, respectively.

DC side equations:

A resistive network can be used to model DC systems with
including DC the injection of voltages and currents at the other
node of the converter [28]. The following equation can be used
to express the injection current and the active power flow of
the DC network [29]:

)
(6)

IDC,L' = YDC,L’m (VDC,i - VDC,m)
PDC,i = VDC,L’ YDc,im(VDc,i - VDc,m)

1 . .
where, Ypc i = —, Rpc,ij is represented the resistance of

Rpc,ij
DC line i —m; Vp¢,; and Vpc ,, are the voltage of the DC bus
i and m respectively.

Given the voltage of the CC Bus, which is the same as the
AC bus's initial voltage V., and the converter's AC terminal
side power S, = P. + jQ,, thus, the converter's current I can
be expressed as follows:

PR 7
<=7 (7

And converter power loss P, 1S
Pross = a+ b xabs (I.) + ¢ * abs(l,)? (8)

AC network equations:
The power flow of all buses in the AC network can be
expressed using the following equations:

n
Pac,i = Vac,i Z V;zc,m [Gac,im COS(6aC,i - 6ac,m) (9)
m=1
+ Bac,im Sin(aac,i - 6ac,m)]
n
Qac,i = Vac,i Z Vac,m [Gac,im Sin(sac,i - 6ac,m) (10)
m=1
+ Bac,im COS(6ac,i - é\ac,m)]
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The nonlinear equation of AC power flow, which is
expressed as follows, is solved using the Newton-Raphson
method:

AMye = =JacdX e (11)
where, AX,. is represented the AC voltage's incremental
vector and its phase angle, J,. the Jacobian matrix of AC

network and AM . is the formula for power mismatch at the
CC Bus which is described as:

AM,, =0

Py =0 (12

PGDi _Pac,i

QGDi_QaC,i - Qc,i =0 (13)
where, P;p; and Q;p; are represented the active and reactive
power generated at bus i, P,.; and Qg ; are obtainable from
Egs. (9) and (10) respectively, and P, ; and Q; are the active
and reactive power generated at converter i, and it can obtined
from Eqgs. (3) and (4). Since the converter power loss is already
known according to Eq. (8), the power that is injected to the
DC grid is as follows:
Ppci = Pei = Pross,i (14)
The DC side equation, which is defined as follows, can be
solved using the Newton Raphson method.
AMpc = —JpcAXpc (15)
where, AX,. is represented the DC voltage's incremental
vector and its phase angle, J,. the Jacobian matrix of DC
network and AM,, is the formula for power mismatch at the
PCC bus which is described as:

AMpc = Ppci—Pci — Prossi = 0 (16)

3. METHODOLOGY

The effectiveness of HVDC in terms of voltage profile
improvement, network loss reduction, and capacity of power
transfer under load-increasing scenarios is demonstrated
through simulations. The best locations will be selected in
order to achieve best performance during the study state and
the AC grid's contingency conditions. This will improve grid
operation by determining the optimal location for the
installation of HVDC lines. The optimal location for installing
HVDC transmission is determined using a genetic algorithm
(GA) to improve system voltage and minimize total network
power losses (as the objective function). GA drives the
planned evolution of solutions to optimization problems
defined by the objective function f(x) by initiating the
process of natural selection [30]. Where, x = Xy, X5, .... Xy 1S
the N-dimensional vector of optimization parameters. The
basic elements of the GA's rules are genes and chromosomes.
GA encodes the optimization parameters as either a real
number (integer) array called real encoding or as a binary
string called binary encoding. A chromosome is a chain of
genes that has the following form,



1 2 N
Cromosome = [ala} ...a;;,aa3 ...ajy, alad ...a)y]

= [xl, xz, - xN]

where, [x1,x,,...xy] is the N-dimensional vector of
optimization parameter, a is a gene and L; is the code string's
length for the i parameter. A genetic algorithm has three
essential parts, which are followed by crossover rate and
mutation processes which are carried out until the best
population has been identified [31].

In this study, real encoding has been used. A population is
a set of candidate solutions given in pertinent optimization
problems. Each candidate solution is retained in a
chromosome after being quantitatively validated in a fitness
function. The initial population is created by random
generation. By wusing the Roulette Wheel technique,
chromosomes are selected based on the initial population's
rules. The number of generations, iterations, crossover
probability, mutation probability, and population size are
among the optimization controlling data that are presented.
The genetic algorithm is used to determine the best position
for HVDC link that may be inserted in the IEEE-57 bus system
using MATLAB program, and then the modeling and
simulation for the test system and HVDC terminals are based
on PSS/E. Parameters are used in genetic algorithm coding
shown in Table 1.

Table 1. Code parameters for a genetic algorithm

Parameter Value
population size 40
Crossover 0.8

Fitness limit 1012

choice function Stochastic uniform

Input HVDC data, num ber of HVDC line, and data of system ]

Mremseai Generate initial population for GA ]
the loading

[ Evahiate objective funcﬁnn for each individual ] Great new generation
(reproduction,
crossover, mutation)

[ Display the cotresponding of the individuals as a final solution ]

Figure 3. GA optimization flowchart for HVDC position

The GA procedures can be summed as follow:

Step 1: Input data of HVDC, number of HVDC line, bus
and line data of the test system.

Step 2: generating the initial genetic algorithm population.

Step 3: Run the Newton Raphson load flow program.

Step 4: For each individual, objective values are calculated.

Step 5: Choose a new population from the old population
using the calculation algorithm based on the objective values.

Step 6: GA carries out selection crossover, and mutation to
the chosen population in order to generate new solutions.

Step 7: Objective values are calculated based on the new
chromosome, and the use of these functions in the population.

Step 8: if the termination criterion has been satisfied, the
GA process can be stopped and print the best individual, while
if not go to step 5.

A proposed GA arithmetic flow chart is shown in Figure 3.

4. RESULTS AND DISCUSSION

As a case study, the IEEE-57 bus system shown in Figure 4
has been modified by inserting HVDC components into point
to point and multi-terminal HVDC transmission system
topologies. The IEEE bus-57 system standards' values and
data are given in the study [32].

According to results from genetic algorithm, the best
location for the DC link is between buses (8 & 9) for point to
point HVDC topology, while the multi-terminal HVDC
topology is placed between buses (8 & 7) and (8 & 9) by
removing the ac interconnection between buses and replacing
it with the DC link, giving the minimum possible total network
losses for each type of topology as shown in Figure 5 (a) and
Figure 5 (b) respectively.

Figure 4. The IEEE-57 bus test system

VSsC VsC
| DC line |
! I | :
Bus 8 Bus 9

(a) Point to point HVDC

Bus 7

VsC
DC line 2
VSC VSC
! DC line 1 | !
Bus 8 Bus9

(b) Multi-terminal HVDC

Figure 5. Point to point and Multi-terminal HVDC
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Figure 6. Comparative of voltage profile without and with HVDC

Three cases are considered here which are as follows:

Case 1: load (active and reactive) increased by 5% from the
normal load.

Case 2: load (active and reactive) increased by 10% from
the normal load.

Case 3: load (active and reactive) increased by 20% from
the normal load.

Power System Simulator for Engineering (PSS/E version 32
Package Program) was used to carry out a load flow analysis
of the three cases using the Newton-Raphson method. When
compared to an AC network, the voltage profile of busses has
improved with the installation of an HVDC transmission
system. Figure 6 shows the difference in each bus' voltage
magnitude before and after the two topologies of HVDC
transmission system were installed and the normal load case.

After inserting an HVDC transmission system under
varying load, the majority of bus voltages in the system that
are adjacent to or connecting to converter station buses have
improved. The analysis for the percentage improvement of
voltage profile at all the buses for case 1, case 2 and case 3 can

Vw/HVDC—Vwo/HVDC
= wof * 100%), where,
Vwo/HVDC

Vwosuvoe and Vi, pypc are the voltage magnitude without and
with adding HVDC respectively. For example the voltage
magnitude of bus 29 is improved from 1.0065 p.u to 1.0239
p.u with improvement in voltage magnitude by (1.73%) at
normal load case because it connected to bus 7 which is the
converter station connected to it, at case 3 (load increased by
20%) the voltage magnitude of bus 29 is also improved from
0.9946 p.u to 0.9969 p.u after inserting point to point HVDC
topology, and improved to 1.0261 p.u with improvement in
voltage magnitude by (2.93%) after inserting multi-terminal
HVDC topology. Even though the load grew by 20%, the
voltage decreased from 1.0065 p.u. to 0.9969 p.u., but after
inserting multi-terminal HVDC topology, the voltage
improved to 1.0261 p.u. with an improvement of 2.93%. The
improvement of Voltage profile at all the buses for case 1, case
2 and case 3 shown in Figure 7, Figure 8 and Figure 9
respectively.

be evaluated by (Vipmpro.

m Without HVDC
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[N}

m 2 point HVDC
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o
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Figure 7. Voltage profile without and with HVDC transmission for load increased by 5%
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Figure 8. Voltage profile without and with HVDC transmission for load increased by 10%
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Figure 9. Voltage profile without and with HVDC transmission for load increased by 20%
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Figure 10. Comparative of active power losses without and with HVDC transmission for all cases
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Figure 11. Comparative of reactive power losses without and with HVDC transmission for all cases

The comparative of the real and reactive network power
losses before and after inserting the two topologies of HVDC
transmission system are shown in Figure 10 and Figure 11
respectively.

Figure 10 and Figure 11 show how each case results in
consistently reduced total network power losses, including
active power and reactive power. The analysis for the
percentage reduction in active and reactive power losses for
each case of load increment can be evaluated by (LosSgoq =
Losswo/HvDCc—LOSSw/HVDC +100%

Losswo/HVDC
Lossy,uypc are the total losses without and with adding

), where, LoSSy,/pypc and

HVDC respectively. It shows that active power losses for the
normal load case (as an example) are reduced from 28MW to
12.4MW with percentage reduction of 55.714% for point to
point HVDC topology and for multi-terminal HVDC topology
reduced to 8.9MW with percentage reduction of 68.214%.
When the total network losses decrease, the loadability of the
transmission network will increase and then the power transfer
capacity of transmission network can be increased. Table 2
and Table 3 show the comparative percentage reduction in
active and reactive power losses between point to point and
multi-terminal HVDC transmission system for all cases of
load increment.

Table 2. Comparative percentage reduction in active power losses for all cases

Load Increment Point to Point MT-HVDC Reduction %
MW MW Point to Point MT-HVDC
Normal case 12.4 8.9 55.714% 68.214%
5% 155 11.3 54.678% 66.959%
10% 18.1 134 56.490% 67.788%
20% 25.8 18.4 57.495% 69.686%

Table 3. Comparative percentage reduction in reactive power losses for all cases

Load Increment Point to Point MT-HVDC Reduction %
MVar MVar Point to Point MT-HVDC
Normal case 50.2 40.6 55.714% 66.830%
5% 65.2 51.7 54.678% 64.901%
10% 78.4 61.8 56.490% 65.104%
20% 102.7 88.3 57.495% 65.181%
5. CONCLUSION power and reactive power losses are reduced by 55.714% and

In this paper, utilizing the IEEE-57 Bus as a testing system,
the impact of tow topologies of HVDC transmission system on
enhancing power system performance is studied. Point to point
and multi-terminal HVDC transmission are represented using
the PSS/E. The simulation is run using the increasing load
procedure (case 1, 2, and 3) to put the system under stress. The
results show that inserting an HVDC transmission system
improves the voltage profile under increased load for the two
topologies. Additionally, a significant reduction in total active
and reactive network loss is noticed. From the result, the active
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58.987% respectively after implementation of the point to
point HVDC transmission system while for the multi-terminal
HVDC transmission system, the active and reactive power
losses are reduced by 68.214% and 66.830% respectively
under normal load case. In a power system, there is a limit to
the number of HVDC lines that can be installed, because of the
cost of the devices and the influences on the reactive power at
the system. The reduction of total network losses will lead to
an improvement in the loadability of the transmission network,
which will allow it to transmit greater amounts of power.
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NOMENCLATURE

PSS/E
HVDC
MT - HVDC

VSC
CC
Y
th
Vr
By
Ipc,;
Pac,i
Qac,i
Ppe
MW
MVar

Greek symbols
8¢

5y

Power System Simulator for Engineering
High Voltage Direct Current
Multi-Terminal High Voltage
Current

Voltage Source Convertor

Common Coupling

admittance of phase reactor
admittance converter transformer's
voltage magnitude of the filtering bus
susceptance of the filtering bus

the current flow on the DC side
active power of converter 's ac side
reactive power of converter 's ac side
active power of dc side

Mega Watt

Mega Var

Direct

voltage phase angles of ac terminal side of
converter
voltage phase angles of ac terminal side
filter bus





