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ABSTRACT

This paper demonstrates the analysis of novel methodology developed to select optimal buses for installation of convertor stations in the hybrid voltage
source converter based high voltage direct current system. Here, a modified unified optimal power flow model is developed for the optimal power
flow problem and solved using the particle swarm optimization technique for the voltage source converter-based high voltage direct current network.
The analysis has been performed for optimizing the various techno-economic objective functions, including generation cost, voltage deviation, and
total power system losses, for better power system operation. The developed unified optimal power flow model's effectiveness and methodology for
deciding the high voltage direct current converter’s optimal location are examined, with several tests performed with modified five-bus and IEEE-30 bus
system. The impact of high voltage direct current line replacement is decided based on optimal results obtained for selected techno-economic objective
functions by replacing each AC line with high voltage direct current independently. The obtained results have proved the voltage source converter-high
voltage direct current controller’s impact on optimization of generation cost, voltage deviation, and total power system losses.

Index Terms—Optimal power flow, particle swarm optimization algorithm, power system optimization, unified optimal power flow modeling, voltage
source converter-based high voltage direct current.
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OPF terminology

PSO terminology

f(x, u) Objective Function k Index for PSO iteration
g'(x, u) Set of unified AC/DC power flow equation c,C PSO acceleration coefficients
X State variables y Particle position
u Control variables v Particle velocity
Lm,n Index for OPF model ® Inertia weight
rand, rand, Random variables

I.INTRODUCTION

With the continuous increase in demand for electric power,
and the availability of different options for electrical power
sources, transmission systems are operated under huge stress
to maintain a balance between demand and sources. Electrical
power systems have witnessed various progressive changes in
all dimensions. Recent developments in electrical networks,
such as large-scale offshore wind power generation, distribu-
tion generation, large-scale photovoltaic (PV) generation, and
electricity market reforms, have changed the traditional struc-
ture of electrical power networks. This emphasizes the need
for more cognitive electricity networks which are rapid and
accurate, which is possible due to technological advancements
in fast-acting control devices, such as flexible AC transmission
systems (FACTS) controller and HVDC technology. A power
engineer’s prime responsibility is to manage electricity flow for
reliable and uninterrupted electrical network operation by sur-
mounting such difficulties.

The progressive developments in the field of power elec-
tronics have given birth to various controller technologies
for power systems. These control strategies are much more
reliable and faster than traditional strategies that required
extensive manual support. Many transmission line controllers
are grouped in one basket and termed FACTS [1]. The various
works in the literature have studied and covered different
aspects of the power system, including planning, security,
stability, reliability, and economic operation with the FACTS
controller. Another promising technology that has emerged
in parallel is the HVDC transmission system, which can transfer
a larger amount of power over the long-distance transmission
network compared with the AC network. In recent develop-
ments, the VSC-based HVDC system is more advantageous
over the conventional current source converter (CSC)-based
HVDC system that works based on the line commutation tech-
nique. These advantages include separate control of active
and reactive power, uninterrupted operating bi-directional
power transfer, reduced harmonics components, and smaller
filter requirements [2-6].

These new structural changes require detailed planning for
better operation and control in any power system. The optimal
power flow (OPF) analysis is a perfect method to overcome this

problem, as it satisfies the operational and economic require-
ments of the power system. It identifies an optimal state of
control variables of the power system for a particular objective
function by limiting the other operational constraints [7]. Many
traditional methods have been used so far, mainly categorized
as deterministic solution techniques with excellent conver-
gence ability. However, they possess certain disadvantages,
for instance, they may not find a global optimal point and may
converge at the local optimal point. They are not suitable with
binary models, and these methods possess many assumptions
such as convexity and differentiability, and are also limited
to continuous variable OPF. Most of them have been applied
so far for traditional AC transmission networks and emerging
HVDC networks.

Various stochastic methods have been developed within the
last two decades and have attracted researchers’ attention to
the OPF problem related to the power system. These meth-
ods have overcome the drawbacks of traditional numerical
techniques. They can handle non-convex, nonlinear, and dis-
crete problems such as OPF, and provide global optima. Some
widely tested methods in OPF problems are evolutionary
algorithm (EA) [8]; genetic algorithm (GA) [9]; particle swarm
optimization (PSO) [10]; ant bee colony (ABC) [11]; teaching-
learning based optimization (TLBO) [12]; and tabu search (TB)
[13]. All these references have applied the heuristic methods
for AC networks only.

As discussed earlier, various heuristic methods have been
applied on a large scale for traditional AC networks, and heu-
ristic methods have produced better and more promising
results compared with numerical methods. There are impres-
sive efforts that have been made for solving OPF problems for
HVDC networks [14-16], but they have considered the current
source converter HVYDC (CSC-HVDC) system, which possesses
technical limitations as compared to the voltage source con-
verter HVDC (VSC-HVDC). Little effort, so far, has been put
into VSC-HVDC OPF problems. They have either used numeri-
cal methods [17-22] or heuristic methods [23-25]. The HVDC
and FACTS controller technologies have been developed in
parallel with the advancement of semiconductor materials.
Both are now at their mature state, with the introduction of
fast-acting controller switches. The worldwide applications of
HVDC and FACTS controllers in transmission networks have
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increased since their inception. Many studies in the literature
have optimized different techno-economic objective functions
by applying the FACTS controller in the transmission network
[26-34]. The optimal location of FACTS controllers is suggested
in [35-39] by optimizing the power system performance indi-
ces. By comparing this work with an increasing share of HVYDC
in transmission networks, it is found that limited efforts have
been made for the HYDC OPF problem.

Various aspects remain untouched for the hybrid AC/DC (net-
works including AC and HVDC lines) OPF problem compared
with the FACTS controller installation OPF problem. The HVDC
technology also has a controlling phenomenon that operates
the power system in a stable and secure mode. In this analysis,
various techno-economic aspects are studied by performing
unified OPF analysis for the hybrid AC/DC network with a VSC-
based HVDC controller. The installation of a converter at a par-
ticular AC bus and its impact are also analyzed here. The main
contributions of this study are

- An extension of the unified power flow algorithm applica-
tion, to develop the unified OPF problem for hybrid AC/DC
network containing a VSC-HVDC converter;

« The development of a unified OPF model which is solved
using the most efficient meta-heuristic algorithm;

+ The identification of the impacts of HVDC line replacement
and converter setting on various techno-economic objective
functions for the OPF problem;

- The suggestion of a novel methodology for optimal location
of the converter station with satisfying well-known techno-
economic objective functions; and

« Testing of the methodology with a modified five-bus test
system and an IEEE-30 bus test system with their intact
condition.

This paper identifies a new methodology for converter sta-
tion installation and understands the effect of converter loca-
tion on power system operation, while satisfying the objective
function(s). The modified unified power flow model has
been used for the analysis, which is explained in Section 2. A
brief explanation for the PSO algorithm is given in Section 3.
Different case studies and simulation results are elaborated in
Section 4. Finally, Section 5 concludes the paper.

1l. UNIFIED OPF MODELING OF THE VSC-HVDC
CONVERTER STATION

A modified simultaneous power flow model has been devel-
oped and represented in [40], and is used for solving line flows
and state variables for a hybrid AC/DC transmission network.
The VSC terminals’ equations are derived based on the single
line diagram of the VSC converter station, as shown in Fig. 1.
The detailed modeling and proposed modifications applied
for the VSC-HVDC converter are explained along with the OPF
modeling. The power flow injection equations are modified
for AC buses where converters are connected. Accordingly,
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Fig. 1. Basic schematic diagram of VSC converter station.

modifications have been made in the impedance bus matrix.
The generalized OPF problem is expressed as (1)

minimize f(x,u)
suchthatg’(x,u)=0 (M

h'(x,u)<0

A. Objective Functions
The different techno-economic objective functions considered
for this analysis are explained as follows.

(1) Total Generation Cost

This is a generalized objective function that decides the eco-
nomic aspects of any power system. This function is formulated
using (2):

Ng
fi=> fi(Ry) @
1=

The fuel cost of the I generator that is calculated using a qua-
dratic expression

fi=a,+byePs +c*P2 (3)

The values of cost coefficients for different test systems are
given in the Appendix.

(2) Minimization of Bus Voltage Deviation

The two-fold objective function is formulated (4) for cost and
voltage deviation. The voltage deviation is calculated for all AC
load buses and DC buses. Voltage deviation is a security and
service quality index used for voltage profile measurement,
that calculates bus voltage deviation from standard 1.0 p.u.
(per unit) value.

Ng
fr= ) fi(Rg)+ Wl @
1=

N Nac.
Vo= =10+ Jvgq -1 (5)
1=

1A
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(3) Minimization of Bus Voltage Deviation

The global objective function for minimizing transmission
losses, including both AC and DC system losses, is formulated
and expressed by (6):

Nac Nac
=Y Vi)

1= m=1

Vm ( GIm Ccos 9Im + Blm Sin eIm ) + Pdc _loss (6)

Py 10ss term includes both DC transmission line losses and con-
verter station losses. The converter losses are evaluated using
the average loss model suggested in the literature [41].

B. Equality Constraints

These constraints have to be enforced, and are always mathe-
matically binding. The standard static load flow equations with
the suggested modification done as per (9)-(10) are included
simultaneously as a set of equality constraints for the hybrid
AC/DC OPF problem. A unified power balance approach is
applied for the buses at which converters are connected.

(1) AC System

The static load flow equation (polar form) for any /th AC bus
can be mathematically represented as (7)—(8). These nonlinear
equations are the formed equality set of any OPF problem, and
solved using the well-known Newton-Raphson method:

NGC
Po=Po V)

m=1

Vm(GImCOS(SI78m)+BlmSin(8176m)):O (7)

NUC
D V(G SiN(31 =81 )~Bim COS(3,~3,)) =0 (8)

m=1

QG/ - QD/ _V/

These equations are modified for a particular bus at which the
converter is connected. For non-converter AC buses, the above
equations remain unchanged. This modification is mathemati-
cally formulated as

Nac
Poi=Po=Vi ) _Va(Gip COS(8 =01 )+Bi SiN(8y =8 )) =P =0 (9)

m=1

Nac
Qg —Qp, _Vlzvm(Glm $in(8; =8 ) —Bim c0s(8; =8,)) Qs =0 (10)

m=1

(2) VSC-HVDC System

Equality constraints for converter stations comprise different
converter control modes and power balance at the converter
station. Based on four different control modes as suggested for
VSC-HVDC converter, the equality constraint equations for a
particular converter terminal are selected from the expressions
(11)-(14):

Pssp _Vsz 'Gtc _stc(Gtc COS(SS _8c )+Btc sin(Ss _Sc )):0 (1 1)

Ssp 7V52 'Brc 7V5Vc(Gtc Sin(ss 76:)7Brc COS(65 76c )):0 (1 2)

VP -V.=0 (13)

(Va™)? -Vie* =0 (14)

One bus is selected as a slack bus in the DC network that bal-
ances the DC power flow equation. The power balance formula
between the AC and DC side of each converter terminal can be
expressed as

Pc_Pdc_Pcloss:O (15)

P, P,,and P, are active power injected at the converter ter-
minal, DC bus, and the converter loss, respectively. The con-
verter loss can be calculated based on the average loss model
[41] and expressed as

'Dcloss:a}+b;lc +C}Ic2 (16)

C. Inequality Constraints

These constraints are never binding. However, in the problem
of the power system OPF, the limits on a few variables ensure
the power system’s stability. A unified AC/DC OPF problem fol-
lowing inequality constraints includes:

(1) AC system Inequality Constraints

P <Ps, <P, for 1=1,2,...N, (17)
Q8" <Qs <Q¥, for 1=1,2,..N, (18)
ng <Q<QY, for 1=1,2,..N . (19)
T <T,<T*, for 1=1,2,..,Nr (20)
Vg™ <Ve <V, for 1=1,2,..,Ng 1)
Vo <V, <ViP, for 1=1,2,...N, (22)
Sim <SP (23)

(2) VSC-HVDC Inequality Constraints

Végw < VdC1 < Vduc? (24)
Ve <V, <V, forn=1,2,.,Nc (25)
Pdf//'ne < pzl;f/,-,,e (26)
[Sc | Srated (27)

It is important to note that the control variables are self-con-
strained. The violation of limits is mainly checked for the state
variables. This violation is augmented with the primary objec-
tive function using quadratic penalty terms.
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N
Jusg =+ 1o (P = FE" Y2+, D (Vo V3™’

1=

Ng nlac
o ) (Qq=QE Y+ hs D (S~ )’

1= 1=

28)
nlgc nldc
e ) Vi, VAV + 0 ) (Prc, =PE)?
n=1 n=1
N¢ Nc
Fhse 3 (Sey =S 4o ) (Ve VA2
n=1 n=1

11l. BRIEF ON PSO ALGORITHM

The particle swarm optimization (PSO) algorithm is a widely
adopted meta-heuristic stochastic algorithm developed based
on the movement of organisms such as fish schools and bird
flocks [42]. This algorithm works in a multidimensional search
space where many simple entities are defined as particles are
placed, and each evaluates the objective function at its current
location. Its previous best value (pbest) and global best value
(gbest) then decide the new trajectory of each particle. Each
particle’s new position is updated by (29), and its velocity is
updated with (30):

yi =yl v (29)

Vi =v¥ +¢ -rand, () x(Pbestf — y¥)
(30)
+C, -rand, () x(Gbest! — y¥)

The acceleration coefficients ¢, and c,, are responsible for par-
ticle velocity toward pbest and gbest, and the inertia weight
parameter dynamically adjusts the speed of the particle.

The inertia weight parameter selection is crucial as its lower
value tends to a local search and higher value tend to a global
search. An initially higher value of inertia is selected at the
start of the PSO algorithm and then decays in successive itera-
tion, such that the search algorithm starts from the global
and moves to local search at execution. The inertia weight is
updated based on (31):

m(k)=wmax—[°’”ia*‘°’m‘“]xk (31)
iteryax

The following steps have been followed for solving the unified
HVDC OPF model using the PSO algorithm.

Step 1: Select the initial value of PSO parameter, numbers of
particles, velocity, and numbers of iteration, and generate
the initial population.

Step 2: Run a unified power flow model for a hybrid AC/DC net-
work by replacing a single AC line with an HVDC line.

Step 3: Calculate objective function with a particular test con-
figuration for each particle in the current position.

Step 4: Evaluate pbest and gbest values for all particles and
store them.

Step 5: Upgrade the velocity and particle position.

Step 6: Check for iteration; if less than maximum iteration, jump
to step 2 or move to step 7.

Step 7: Note down the output and repeat from step 1 for all AC
lines independently.

IV. CASE STUDIES AND RESULT ANALYSIS

A novel effort has been made here to identify the optimal loca-
tion of the HVDC converter station by minimizing the defined
operational and economical objective functions. The effect of
the VSC-HVDC converter and its control parameters are ana-
lyzed for two sample systems (modified five-bus and IEEE-30
bus) by replacing each AC line with the HVDC line iteratively.
The analysis is performed on MATLAB (R2013) software with
the Intel i3-core processor, 2.10 GHz, 3 GB RAM.

Since the objective of this work is to identify the most optimal
location of converter installation by observing the effective-
ness of a particular HVDC line replacement on the different
operational objective functions, the unified OPF problem is
analyzed for different case studies as follows:

« Case I: Minimization of total generation cost, where the
generation cost is formulated using (2) and (3). The cost
coefficient values given in MATPOWER [43] are used for two
different test systems.

-+ Case IIl: Minimization of the total active power includes AC
transmission losses and HVDC system losses.

« Case lll: The two-fold objective function includes cost with
voltage deviation, and is minimized for voltage profile
improvement of the overall buses.

A. Modified Five-Bus Test System

The individual results for different case studies with different
modified five-bus system test configurations are analyzed and
discussed. This system consists of two generator buses and
seven transmission lines with an active and reactive power
demand of 165 MW and 40 MVAR, respectively. The name
of each bus is indicated in Fig. 2, with its corresponding bus

1-North

4-Main

5-Lake

Fig. 2. Single line diagram of modified five-bus test system.
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TABLE I. LIMITS OF HYBRID AC/DC SYSTEM CONTROL
VARIABLES FOR MODIFIED FIVE-BUS (ALL VALUES ARE

INDICATED IN PU.)

Control variables Lower Upper
AC system

South—PG2 0.1 20
North—VG1 0.90 1.1
South VG2 0.90 1.1
DC system

Converter 1—PS 1.0 1.0
Converter 2—QS 1.0 1.0
Converter 1—VDC 0.90 1.1
Converter 2—V 0.90 1.1

numbers. The upper and lower limits of the AC and DC system
control variables are given in Table I. In this analysis, each AC
transmission line is replaced by an HVDC line with a bilateral
(point-to-point) transmission configuration. In any DC network,
one converter must be operating as a slack bus to maintain a
power balance in DC transmission network. In this work, one
converter is operated in (PC-QC) the control mode and another
converter in the DC slack bus control mode (VDC-V).

To analyze the effect of the HVDC converter and the particu-
lar line replacement, the results obtained for various HVDC
configurations are also compared with results obtained for
only the AC base case (without HVDC) for the same objective
functions. This comparison assesses the effectiveness of HYDC
replacement for the optimal location of the converter station.
The results obtained for all three objective functions with the
AC base system (without HVDC) are represented in Table Il. The
optimal cost, voltage deviation, and transmission losses for the
modified five-bus AC base system (without HVDC) are obtained
as $748.0624/h, 0.006048 p.u., and 2.61043 MW, respectively.

TABLE Il. SIMULATION RESULT OBTAINED FOR OPTIMIZING INDIVIDUAL OBJECTIVE FUNCTIONS WITH DIFFERENT TEST

CONFIGURATIONS
Test Configuration Objective Function Casel Casell Casellll
Test Configuration | (Base System) Generation cost (5/h) 748.0624 750.0707 774.2091
Voltage deviation (p.u.) 0.230511 0.006048 0.244168
P losses (MW) 3.065 3.550 2.61043
Test Configuration Il (line 1-3 replaced with Generation cost ($/h) 741.0670 742.2401 741.1287
o Voltage deviation (p.u.) 0.1462 0.002007 021767
P losses (MW) 1.1828 14723 1.1104
Test Configuration Il (line 2-3 replaced with Generation cost ($/h) 744.3732 745.9498 783.8671
HRe) Voltage deviation (p.u.) 0.1717 0.002231 0.1842
P losses (MW) 2.0014 2.3848 1.1473
Test Configuration IV (line 2—-4 replacedwith Generation cost ($/h) 743.4884 745.8406 783.549
VRO Voltage deviation (p.u.) 0.20744 0.004073 0.20319
P losses (MW) 1.768138 2.308656 1.12515
Test Configuration V (line 2-5 replacedwith Generation cost ($/h) 742.7996 744.002 773.2025
Ao Voltage deviation (p.u.) 0.22568 0.002048 0.20750
P losses (MW) 1.62614 1.900275 1.11974
Test Configuration VI (line 3-4 replaced with Generation cost ($/h) 747.9562 749.9282 773.7079
Vbo) Voltage deviation (p.u.) 0.232071 0.004701 0.240054
P losses (MW) 3.035492 3511149 2.595798
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TABLE lll. COMPARISON TABLE FOR ALL SIMULATION RESULTS OBTAINED WITH ALL TEST CONFIGURATIONS

Test Configuration

Base system Line 3-4 Line 2-3 Line 2-4 Line 2-5 Line 1-3
Cost (5/h) 748.0624 747.9562 7443732 7434884 742.7996 741.0670
Voltage deviation (p.u.) 0.006048 0.004701 0.002231 0.004073 0.002048 0.002007
Active power losses 2.61043 2.595798 1.1473 1.12515 1.11974 1.1104

The results are obtained for minimizing individual objective
functions using the PSO algorithm.

The unified OPF analysis using the PSO algorithm is carried
out for replacing each AC with an HVDC line. First, the AC line
between buses one and three is replaced with the HVDC line
with a point-to-point bilateral transmission. Here, the con-
verter connected at bus one is operated in the PQ control
mode, and the converter connected at bus three is operated
as a DC slack bus. The results obtained for all three cases are
given in Table Il. The obtained generation cost, voltage devia-
tion, and transmission losses are respectively 0.93%, 66.81%,
and 57.46% lower than the base case results for the respective
objective functions.

Next, the line between AC buses two and three is replaced in
the same point-to-point transmission mode. In this test, the
converter at the second bus is operated in PQ control mode,
and the converter at the third bus is operated in DC slack bus
control mode. The result obtained with this test configuration is
again shown in Table Il. The optimized results are more promis-
ing than the AC base system.The obtained cost is $744.3732/h,
voltage deviation is 0.002231 p.u., and transmission losses are
1.1473 MW.

Similarly, the other test configurations which result by replac-
ing line (2-4), (2-5) and (3-4), respectively, are shown in Table Il.
These results are obtained for individual test configurations
for the defined objective function. The proposed unified OPF
model is converged for all configurations.

(1) Comparative Analysis

The comparative analysis of different test configurations is
shown in Table lll. The results are arranged in decreasing order
of total generation costs achieved for all test systems. By com-
paring the results of different HYDC configurations with a base
system for all objective functions, it is clear that the HVDC line
has improved the performance and reduced the generation
cost for the given permissible control variables.

The change in generation cost is very significant for the most
optimal configuration (testconfiguration ll—line 1-3 replaced
with HVDC), which reduces the cost of generation by around

0.935%. Moreover, the total power system losses for most
the optimal configuration are 57.46% lower as compared to
the base case transmission loss, and 25.82% lower than the
average of transmission losses obtained with the other HYDC
configurations (1.4969 MW). The optimized value of state and
control variables for the most optimal hybrid AC/DC system
(test configuration ll—line 1-3 replaced with HVDC) is given
in Table IV. The variation in cost, voltage deviation, and active
power losses with each iteration for the most optimal con-
figuration are shown in Fig. 3, Fig. 4, and Fig. 5, respectively.

B) Modified IEEE 30 Bus Test System Results

The base system consists of six generator sets, 41 transmission
lines, five lines with transformer tapping, and active and reac-
tive power demand of 283.40 MW & 126.20 MVAR. As mentioned

TABLE IV. THE OPTIMAL VALUE OF CONTROL AND STATE
VARIABLE WITH MOST OPTIMAL TEST CONFIGURATION
(LINE 1-3)

Control and Casel Casell Case lll Total
State Generation Voltage Transmission
Variables Cost Deviation losses
Pg1 83.18714 83.09647 88.72052
Pg2 83.19542 83.57449 7761649
el 1.059934 1.027852 1.081915
Vg2 1.05981 1.027211 1.081915
VI3 1.0543 1.00019 1.0784
Vi4 1.052117 1.001817 1.076048
VI5 1.039779 1.00003 1.063228
Pci 83.07611 79.97817 88.71996
Qcl —0.00881 —0.05834 —23.8089
Vel 0.998359 0.985304 1.082881
Ve2 1.000393 1.030073 1.106161
Vdc1 1.00004 1.00014 1.000092
Vdc2 1.000922 1.000887 1.000984
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Fig. 3. Variation in generation cost with iterations for line 1-3
replaced with HVDC.
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Fig. 4. Variation in voltage deviation with iterations for line 1-3
replaced with HVDC.

in the earlier test, to understand the proposed methodology’s
effectiveness, the analysis is performed by replacing each AC
line with the DC line of the IEEE 30 bus system. The genera-
tion coefficient, line limits, and generation limits are taken as
considered in the literature [44]. Only the results obtained with
the top 4 most optimal HVDC configurations are demonstrated
here, due to the space limitation. The single line diagram of
modified IEEE 30 bus AC/DC system is shown in Fig. 6.

The suggested unified OPF model converged for different con-
verter control modes, and its validation is published in the lit-
erature [40]. In this test, the DC slack bus controls the reactive
power flow injected to the AC side (Vdc-Qs) control instead of
AC side voltage (Vdc-V) control. The lower and upper limits for
the control variable are given in Table V. The HVDC control vari-
ables are decided based on the PQ compatibility chart for volt-
age source converter [45].

Active Power loss (M'W)

0 1 1 1 1
0 20 40 60 80 100

Iterations

Fig. 5. Variation in total transmission losses with iterations for line
1-3 replaced with HVDC.

The results obtained by optimizing different techno-economic
objective functions independently for the top four most
optimal test configurations are represented in Table VI. In the
second test configuration for the IEEE 30 bus, the line between
buses one and threeis replaced by the HVDC line. The converter
connected at AC bus 1 is operated in (Pc-Qc) control mode,
which controls the AC power injection at the converter termi-
nal, and the converter at bus three is operated as a DC slack
bus which is operated as (Vdc-Qc) control mode. The table of
results shows that the generation cost and transmission line
losses are reduced to 0.893% and 16.70%, respectively, com-
pared with the AC base case (without HVDC).

This analysis is further carried out for other test configurations,
including replacing line 2-4, 2-5, and 2-6 with HVDC. The con-
verter at bus terminal two is operated in PQ control mode in all
test configurations, while the converter at the other bus termi-
nalis operated as DC slack (Vdc-Qs) control mode. The obtained
results are more promising and better compared to the sys-
tem without the HVDC line. The generation cost obtained for
the respective test configurations (2-4), (2-5), and (2-6) are
$795.5352/h (0.44% lower), $789.6382/h (1.18% lower), and
$792.5321/hr (0.81% lower) compared with base case, respec-
tively. The total power transmission losses, including the AC as
well as DC lines for respective configurations, are 2.4095 MW
(15.48% lower), 1.6882 MW (40.78% lower), and 2.0840 MW
(26.90% lower), compared to the losses obtained for base case,
respectively. The voltage deviation in the HVDC configuration
includes AC as well as DC buses. The AC system's voltage profile
is significantly improved with the inclusion of HVDC, and it is
also affected by the location of the converter station.

(1) Comparative Analysis

While comparing the results of different configurations as rep-
resented in Table VII, it is clear that the HVDC system improves
the system performance and reduces the total generation cost
and transmission line losses of the overall system. The results
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Fig. 6. Single line diagram of modified IEEE 30 bus test system with line 2-5 replaced with HVDC.

are arranged in decreasing order of total generation cost
obtained for different configurations.

The improvement in power system performance due to HVDC as
compared with the traditional AC system has already been dis-
cussed. This comparison table also helps us to decide the opti-
mal configuration for replacing the AC line with a HVDC line in
the [EEE 30 bus system for point-to-point transmission. From the
table, it is clear that the test configuration with the replacement
of line between buses two and five with HVDC gives the most
promising results of reduced total generation cost and total
transmission losses. The generation cost and transmission loss
for the most optimal configuration are 0.63% and 27.32% lower
than the average cost and the loss value obtained for the other
top three optimal configurations, respectively. The optimal set-
tings of all control variables for the most optimal configuration
(line 2-5 replaced with HVDC) with all objective functions are
given in Table VIIl. The variation in objective function values with
iteration is shown in Fig. 7, Fig. 8, and Fig. 9, respective to cost,
voltage deviation, and total transmission losses.

V. CONCLUSION

The new methodology suggested here for identifying the opti-
mal location of the converter station for HVDC installation has
shown promising results. VSC-HVDC converters can indepen-
dently control active and reactive power injecting to and from
the AC to DC side; they can also control the AC side terminal
voltage, which results in an improvement in power system per-
formance. The optimization of various techno-economic objec-
tives is also affected by the particular line replacement.

Here, the method is proposed by implementing a novel uni-
fied OPF model for VSC-HVDC. The unified model is primarily
adopted for the load flow solution of hybrid AC/DC networks.
The developed unified OPF model is very well converged with
the PSO algorithm, and its effectiveness and robustness are
tested and demonstrated for modified five-bus and IEEE 30 bus
systems with bilateral point-to-point HVDC transmission lines.
The simulation converged properly with different converter
control modes at the appropriate time. This method also helps
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TABLE V. LIMITS OF HYBRID AC/ DC SYSTEM CONTROL VARIABLES FOR IEEE 30 BUS (ALL VALUES ARE INDICATED IN P.U.)

Control Variables Lower Upper Control Variables Lower Upper
AC system control variables

Py 20 0.5 T 1.1 09
Py 80 .20 T 60 1.1 09
Pes 50 15 Tis 1.1 09
Py 35 .10 Ti60827) 1.1 09
Py 30 .10 Qo 0.05 0
Pyis 40 12 Qe 0.05 0
Vg 1.1 0.9 Qs 0.05 0
Vo, 1.1 09 Qs 0.05 0
Vs 1.1 09 Qs 0.05 0
Vs 1.1 0.9 Qc, 0.05 0
Vo 1.1 09 Qcss 0.05 0
Vs 1.1 09 Qs 0.05 0
Vg, 1.1 09 Qo 0.05 0
HVDC system control variables

A 1.1 09 P, 1.00 —-1.00
Qs 1.00 —-1.00 Q. 1.00 —-1.00

TABLE VI. SIMULATION RESULT OBTAINED FOR OPTIMIZING INDIVIDUAL OBJECTIVE FUNCTION WITH DIFFERENT TEST

CONFIGURATIONS (IEEE 30 BUS SYSTEM)

Test Configuration Objective Function Casel Caselll Case lll
Test Configuration | (Base System) Generation cost (5/h) 799.0717 803.8096 967.0699
Voltage deviation (p.u.) 1.857571 0.09548 2.03891
P losses (MW) 8.62495 9.87325 2.85115
Test Configuration Il (lines 1-3 replaced with HVDC) Generation cost ($/h) 791.9341 795.5026 966.4023
Voltage deviation (p.u.) 0.770341 0.106836 1.97428
P losses (MW) 6.532738 7476602 2.37499
Test Configuration Il (line 2-4 replaced with HVDC) Generation cost ($/h) 795.5352 837.6692 966.3355
Voltage deviation (p.u.) 1.93265 0.10452 1.97267
P losses (MW) 7.46880 7.054567 2.40953
Test Configuration IV (line 2-5 replaced with HVDC) Generation cost ($/h) 789.6382 7933672 964.718
Voltage deviation (p.u.) 1.869551 0.11241 1.92393
P losses (MW) 5.79751 6.70482 1.68882
Test Configuration V (line 26 replaced with HVDC) Generation cost ($/h) 792.5321 880.648 965.6875
Voltage deviation (p.u.) 1.9915 0.1022 2.04084
P losses (MW) 6.5726 5.8415 2.08403
TABLE VII. COMPARISON TABLE FOR ALL SIMULATION RESULTS OBTAINED WITH ALL TEST CONFIGURATIONS
Test Configuration
Base System Line 2-4 Line 2-6 Line 1-3 Line 2-5
Cost ($/h) 799.0717 795.5352 7925321 791.9341 789.6382
Voltage deviation (p.u.) 0.09548 0.10452 0.10227 0.106836 0.11241
Active power losses (MW) 285115 2409532 2.08403 2.37499 1.68882
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880
TABLE VIII. OPTIMAL SETTING OF CONTROL VARIABLE WITH
TEST CONFIGURATION (LINE 2-5) FOR ALL OBJECTIVE
FUNCTIONS 860 i
CASE | CASE I CASE Il Total
Control Generation Voltage Transmission = 840} J
Variables Cost Deviation Losses g
Z
Pg1 177.8979 50.26459 1765013 2 820/ |
Pg2 49.0996 49.04617 79.99999
Pg5 19.90794 20.08574 49.99995 800 8
Pg8 19.28996 21.11096 34.99999
P11 1126761 1166163 2999995 80, 50 100 150 200
Iterations
Pg13 12 12.00047 39.99969
Fig. 7. Variation in generation cost with iterations for line 2-5
Vgl 1.1 1.024755 1.1 replaced with HVDC.
Vg2 1.083981 1.006133 1.096539 08
Vg5 1.086186 1.021488 1.09944
0.7r J
Vg8 1.073047 1.008995 1.092366 -
5 0.6
Vgl 1.093467 1.016968 1.051525 S had| 1
=
Vgi13 1.089735 1.005894 1.09201 £ 0.5 E
=
>
T11 (6-9) 0.949058 0.900001 0.985663 5 0.4l i
L7
T12 (6-10) 1.02952 0.975619 1.076604 o
= 03} ]
T15 (4-12) 1.022709 1.013395 1.019573 :
T36 (28-27) 0.996302 0.99072 0975572 0.2¢ 1
QC10 0.001349 4.999273 1.123445 0.1 . L .
0 50 100 150 200
QC12 4.269721 4.619792 1.819104 Iterations
oC'1s 4492771 4999976 4699138 Fig. 8. Variation in voltage deviation with iterations for line 2-5
' i i replaced with HVDC.
QC7 4.999918 0.0549 4999186
QC20 4.270634 4999967 4184627 20
QC21 4.999992 4.999912 4.99985
QC'23 3.668599 4999979 3.793777 g 15 T
QC24 4.999999 4.998775 4.999961 i’
[~}
QC29 4463833 4.99949 0.000839 = 10H §
$
4
vdc1 11 1049791 1.09978 2 sl |
pS2 99.99991 99.99877 64.21788
QS1 0.098527 —-1.0519 —1.78148
0 1 1 1
Qs2 ~0.17667 1441401 2061777 0 S0 100 150 200
Iterations

Fig. 9. Variation in total transmission losses with iterations for line
2-5 replaced with HVDC.
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in planning and security analysis with a meshed HVDC trans-
mission network.
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APPENDIX

APPENDIX 1. GENERATOR COST COEFFICIENT FOR MODIFIED
FIVE-BUS TEST SYSTEM

Cost coefficient

Bus No. A b c
1—North 60 3.40 0.004
2—South 60 3.40 0.004

APPENDIX Il. GENERATOR COST COEFFICIENT FOR IEEE 30 BUS TEST SYSTEM

Cost coefficient

Generator bus a b 4

Gen. 1 0.0000 2.0000 0.003750
Gen.2 0.0000 1.7500 0.017500
Gen.5 0.0000 1.0000 0.062500
Gen. 8 0.0000 3.2500 0.008340
Gen. 11 0.0000 3.0000 0.025000
Gen. 13 0.0000 3.0000 0.025000




