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Abstract: Among the grid service applications of high-voltage direct current (HVDC) systems,
frequency–power droop control for islanded networks is one of the most widely used schemes. In this
paper, a new frequency-power droop coefficient determination method for a mixed line-commutated
converter (LCC) and voltage-sourced converter (VSC)-based multi-infeed HVDC (MIDC) system is
proposed. The proposed method is designed for the minimization of power loss. An interior-point
method is used as an optimization algorithm to implement the proposed scheduling method, and the
droop coefficients of the HVDCs are determined graphically using the Monte Carlo sampling method.
Two test systems—the modified Institute of Electrical and Electronics Engineers (IEEE) 14-bus
system and an actual Jeju Island network in Korea—were utilized for MATLAB simulation case
studies, to demonstrate that the proposed method is effective for reducing power system loss during
frequency control.

Keywords: grid service of HVDC; frequency droop control; multi-infeed HVDC system; LCC HVDC;
VSC HVDC; loss minimization

1. Introduction

High-voltage direct current (HVDC) systems have played an important role in sub-marine
power transmission, due to economic advantages over their alternating current (AC) counterparts [1].
Nowadays, due to the complexity of modern power systems, HVDC systems are adopted in
practice, not only for constant power delivery between massive networks, but also to provide
grid services for island grids [2–8]. For example, in Korea, two line-commutated converter (LCC)
HVDCs, the 180-kV/300-MW Haenam–Jeju HVDC [9] and ±250 kV/400 MW Jindo–Jeju HVDC [10],
were constructed by the Korea Electric Power Corporation (KEPCO) for supporting Jeju Island and
integrating massive wind power plants. Furthermore, KEPCO is planning to construct one more
±150 kV/200 MW voltage-sourced converter (VSC) HVDC between the main grid and Jeju Island [11].

With the technical development of both the LCC and VSC HVDC systems, there are numerous
island networks with multi-infeed HVDC (MIDC) systems, encompassing both types of HVDCs,
similar to the Jeju Island case. According to trends, many studies have concentrated on the MIDC
systems [12–16]. Major research effort has been focused on the stable operation of the MIDC systems
by introducing novel indexes, such as the multi-infeed interaction factor (MIIF), multi-infeed effective
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short-circuit ratio (MIESCR) [12], apparent increase in short-circuit ratio (AISCR) [13], and improved
effective short-circuit ratio (IESCR) [14]. In parallel with such research, some studies have concentrated
on the economic operation of MIDC systems, which is represented by optimal power flow (OPF) [17–20].
In two such studies [17,18], steady-state VSC–HVDC modeling methods and OPF formulations based
on the Newton–Raphson method are proposed. Although only a single HVDC system is considered in
these studies [17,18], the principle can be easily expanded to MIDC systems. In one study [19], a loss
minimization method with an AC/DC hybrid grid incorporating only VSC HVDCs is proposed, based
on an interior-point method. In another study [20], a similar method adopting both LCC and VSC
HVDC is proposed. However, the authors of the above studies only consider the steady-state values of
the HVDC systems. Thus, if the load profiles were different from the forecasted value, the previous
methods were unable to find the optimal set-point, because the forecasting error was not considered.

A common method used to satisfy the power balance between generation and load caused by the
forecasting error is frequency–power droop control [21]. Similar to conventional generators, HVDC
systems also adopt frequency–power droop controllers [22–24]. For economic operation of power
systems during frequency control, the calculation of droop coefficients is a significant issue, and the
coefficients are used to exploit multiple HVDC systems efficiently. It is practically important in the
case of an islanded network, because the islanded system has a small load level and high renewable
energy penetration, which cause high uncertainties in the power system. Due to those characteristics,
off-nominal frequency situations occur more frequently, and the frequency deviation is more severe
than the conventional large power network. In one study [25], an optimum calculation method of
voltage–power droop coefficients for multi-terminal HVDC (MTDC) systems is proposed. However,
the method could only be applied to the specific topology of the DC grid investigated in the paper.
Another study proposes an optimization-based droop coefficient calculation method to maximize
converter efficiencies for a low-voltage system [26]. A method to minimize DC transmission line loss
using voltage–current droop coefficients has also been proposed [27]. The above research suggests that
the droop coefficients of converters can be calculated by optimization of the problem. However, to our
knowledge, optimization problems have rarely been suggested to calculate frequency–power droop
coefficients of MIDC systems.

This paper suggests a method to determine the frequency–power droop coefficients of multiple
HVDCs in MIDC systems. First, we propose an optimization problem for MIDC systems, to determine
the operating points of HVDCs to minimize system loss. Using the results of the optimization problem,
we propose a droop coefficient design method based on Monte Carlo sampling. The proposed method
is verified by MATLAB simulation utilizing IEEE test systems and the actual networks of Jeju Island in
Korea. Using our method, a system operator can define the operating points and droop coefficients of
an MIDC system more efficiently.

2. Description of the Proposed Method

2.1. Optimazation Problem to Determine Operating Points

In this section, we formulate an optimization problem to determine the operating points of
multiple HVDCs, including LCC and VSC HVDCs. This study is different from previous studies
covering various type of HVDCs [22–25,27], because HVDCs can be regarded as active and reactive
power sources in MIDC systems. Also, only the outputs of multiple HVDCs are considered in the
optimization problem. In other words, generator outputs are considered as a constant in the problem.

2.1.1. Model Description

To formulate the constraints used in the optimization problem, power balance equations
and converter models are required. In the case of the VSC, which can synthesize sine-wave AC
voltage regardless of the residual network, the active and reactive power output—PVSC and QVSC,
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respectively—are regulated independently [28]. Therefore, a VSC can be considered similar to a PQ
load for the optimization, and the only consideration is the rated output power, as follows:√

P2
VSC(n) + Q2

VSC(n) < SVSC.rate(n), (1)

where SVSC.rate(n) is the rated apparent power of the VSC HVDC connected to the n-th bus. Note that
conversion loss of a VSC HVDC is ignored, because the input variables of controller are active and
reactive power output at the inverter side. However, for future work, the conversion loss of VSC
should be considered for solving overall optimization problems, including a DC system. The reactive
power output of the LCC, QLCC, is different from the VSC, and cannot be regulated independent of
the active power, PLCC [29]. As conversion loss of LCC is less than 1% in general, the loss can be
ignored [30]. Thus, QLCC can be presented as:

QLCC(n) = PLCC(n) tan Φ(n) (2)

where Φ(n) is the power factor angle of LCC HVDC connected to the n-th bus. The power factor angle
can be expressed as follows [31]:

tan Φ(n) =
2µ(n) + sin(2α(n))− sin(2α(n) + 2µ(n))

cos(2α(n))− cos(2α(n) + 2µ(n))
(3)

where

α(n) = cos−1

[
π

3
√

2B(n)T(n)V(n)

(
VDC.rate(n) +

3XC(n)PLCC(n)
πVDC.rate(n)

)]
(4)

µ(n) = cos−1

[
cos(α(n))−

√
2XC(n)PLCC(n)

B(n)T(n)V(n)VDC.rate

]
− α (5)

where V(n) represents voltage magnitude at n-th bus, and VDC.rate(n) is the rated DC voltage of the LCC
HVDC connected to the n-th bus. The transformer turn ratio and the number of six-pulse bridges at
the n-th bus are represented by T(n) and B(n), respectively. The reactance of the converter transformer
at the n-th bus is described by XC(n). An inequality constraint of an LCC HVDC can be represented as

PLCC(n) < PLCC.rate(n) (6)

where PLCC.rate(n) is the rated active power of the LCC HVDC connected to n-th bus. Note that the
index of the bus number (n) is utilized to express HVDC system connected to the n-th bus, which means
multiple HVDCs can be considered in the proposed models, because each converter is connected to
a different bus.

For every bus, the injected active (P) and reactive (Q) power, including generator output
(PGEN and QGEN), VSC output (PVSC and QVSC), LCC output (PLCC and QLCC), and connected load
(PLOAD and QLOAD) satisfy the following constraints [32]:

PGEN(n) + PVSC(n) + PLCC(n)− PLOAD(n)−
N
∑

k=1
V(n)V(k){G(n, k) cos(θ(n)− θ(k)) + B(n, k) sin(θ(n)− θ(k))} = 0 (7)

QGEN(n) + QVSC(n) + QLCC(n)−QLOAD(n)−
N
∑

k=1
V(n)V(k){G(n, k) sin(θ(n)− θ(k))− B(n, k) cos(θ(n)− θ(k))} = 0 (8)

where the phase angle of n-th bus is represented by θ(n). An injected active and reactive power
of the n-th bus can be represented by P(n) and Q(n), respectively. The real and imaginary parts
of the admittance matrix between the n-th bus and k-th bus are represented as G(n,k) and B(n,k),
respectively. If the generator, VSC, LCC, or load is not connected to bus n, the value of each symbol
is zero. Note that PGEN and QGEN are pre-determined by the system operator, and PLOAD and QLOAD
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are previously forecasted values, which are considered as constant in the optimization problem.
The security constraint of the AC voltage magnitude for per unit (p.u.) system can be represented as:

0.95 p.u. < V(n) < 1.05 p.u. (9)

2.1.2. Optimization Formulation and Solving Method

The vectors of the phase angle and voltage magnitude are represented as θ and V, respectively.
The output references of VSC and LCC HVDCs can be represented by vector form, as PVSC, QVSC,
and PLCC. Note that the reactive power of LCC HVDC, QLCC, can be represented in terms of PLCC and
V using Equations (2)–(5), so it is not necessary to include QLCC with the unknown vector. Therefore,
the unknown vector, X, can be defined as:

X =
[

PT
VSC QT

VSC PT
LCC θT VT

]T
. (10)

The purpose of the proposed problem is to minimize the system loss. Since conversion loss is not
included in MIDC systems, only the line loss of AC systems is considered in the objective function.
The objective function of the optimization is represented as:

minimize f =
N

∑
j=n
{PGEN(n) + PVSC(n) + PLCC(n)− PLOAD(n)} (11)

where N is the number of buses. Note that the difference between the active power injected to
the network, PGEN, PVSC, PLCC, and PLOAD is the same as the system loss. Only LCC and VSC
HVDCs are considered as frequency-supporting resources in this paper, with the assumption that
conventional generators do not participate in frequency support. However, conventional generators
can be considered in the optimization problem with a little modification, because the generators can
be represented as active and reactive power sources similar to the VSC HVDC system. Additionally,
the security constraint of the conventional generators can be represented by simple inequality of active
and reactive power [33].

To solve the optimization problem, an interior-point method is used [34,35]. For the proposed
optimization problem, an interior-point method cannot guarantee global optimality. However, as the
solution found by the method is better than a trivial solution, the interior-point method can be
successfully applied to the proposed optimization problem.

2.2. Frequency–Power Droop Coefficient Determination Method

In the optimization problem described in the previous section, the forecasted load profile is used to
calculate the optimal operating points. However, load characteristics are different from the forecasted
values, because there are uncertainties in the load forecasting procedure. Furthermore, uncertainty
increases with the integration of bulk renewable energies [36]. In this situation, the outputs of multiple
HVDCs form new operating points following droop characteristics, the coefficient of which is generally
proportional to the capacities of the converters [37]. The conventional method for determining droop
coefficients is simple, but the coefficients cannot create a more efficient solution. Therefore, a droop
coefficient design method based on an optimization problem is required to operate MIDC systems
more economically. We propose a statistical method to obtain optimal droop coefficients in this section.

2.2.1. Stochastic Optimization Based on the Monte Carlo Sampling Method

To determine the droop coefficient in the proposed method, the Monte Carlo sampling method
was utilized [38]. In the Monte Carlo sampling method, a number of load profiles are generated and are
utilized for solving the optimization problem. All cases are generated based on probabilistic function,
such as normal distribution, to represent possible realizations in the presence of forecast errors. For each
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load profile, the optimization problem of the previous section is solved, and operating points of HVDCs
are calculated. The sampling number is represented by i, and the output of LCC and VSC HVDCs
connected to the n-th bus at the i-th sample is represented as PVSC(n,i) and PLCC(n,i), respectively.

Furthermore, frequency deviation for each load profile is also calculated in this stage. To derive
frequency deviation, the relationship between load profile and grid frequency should be established.
Therefore, on the assumption that only HVDCs participate in frequency regulation, we use the swing
equations of the power network, including frequency-supporting HVDCs and a load with damping
effects, as follows [21]:

N

∑
j=n
{PGEN(n, i) + PVSC(n, i) + PLCC(n, i)− PLOAD(n, i)} = Meq

d∆ω(i)
dt

+ D∆ω(i) (12)

where Meq is the moment of inertia and D is the load damping coefficient. The deviation of grid
frequency is represented by ∆ω. As the steady-state value (i.e., ∆ω = 0) of the left side of Equation (12)
is equal to zero, and the active power of the HVDCs can be represented by the corresponding droop
coefficients, the frequency deviation can be described as

∆ω(i) =
−

N
∑

n=1
∆PLOAD(n, i)

N
∑

n=1

1
RVSC(n)

+
N
∑

n=1

1
RLCC(n)

+ D
, (13)

where ∆PLOAD(n,i) is the change in the load profile of the n-th bus at the i-th sample, which is defined
by the Monte Carlo sampling method. RVSC(n) and RLCC(n) represent the droop coefficient of the VSC
and LCC HVDC connected to the n-th bus, respectively. The frequency deviation cannot be derived
directly from Equation (13), because the droop coefficients of the HVDCs, which are not determined
yet, are utilized to derive the frequency deviation. Therefore, we assume that the sum of coefficients is
constant, as follows:

N

∑
n=1

1
RVSC(n)

+
N

∑
n=1

1
RLCC(n)

=
1

Req
(14)

where Req is an equivalent droop coefficient of the total system. Note that the active power of HVDCs
during grid frequency only depends on the ratio of the droop coefficient, so power sharing between
multiple HVDCs can be regulated properly while satisfying the constraint (14).

2.2.2. Graphical Analysis to Determine Droop Coefficients

In this section, we derive the droop coefficients of LCC and VSC HVDCs by graphical analysis.
Figure 1 shows a concept of the proposed method of droop coefficient determination. Red points
are operating points of LCC and VSC HVDCs determined by the optimization problem. Grey dots
represent optimization results of the Monte Carlo samples. The points are categorized by active power
reference and grid frequency, so that the frequency–power droop can be represented by the slope of
the blue line, to minimize the root mean square error between the points above the blue line and the
grey dots. The slopes of the blue lines are presented as −RVSC,0 for VSC HVDC and −RLCC,0 for the
LCC HVDC. Note that the determination method is called the “graphic method”, in that curve-fitting
is exploited for coefficient determination.

We can derive droop coefficients of LCC and VSC HVDCs from Figure 1, but the coefficients
may not satisfy Equation (14), because the power loss of the system is not considered in (12). We can
determine final values of the coefficients by the additional correction method. As active power sharing
ratio of HVDCs depend on the ration of droop coefficients, final droop coefficients are corrected by
multiplying the same constant to RLCC,0 and RVSC,0. Thus final coefficients are determined as
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RVSC(k) =
(

N
∑

n=1

Req
RVSC,0(n)

+
N
∑

n=1

Req
RLCC,0(n)

)
RVSC,0(k)& RLCC(k) =

(
N
∑

n=1

Req
RVSC,0(n)

+
N
∑

n=1

Req
RLCC,0(n)

)
RLCC,0(k), (15)

where RVSC,0(n) and RLCC,0(n) are the coefficients of the HVDCs connected to n-th bus, derived from
the graphical analysis.
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Figure 1. Concept of the method to determine frequency–power droop coefficients of voltage sourced
converter (VSC) and line commutated converter (LCC) high-voltage direct currents (HVDCs).

2.3. Overall Procedure

Figure 2 shows the overall procedure of the proposed method. First, the operating points of
multiple HVDCs are derived from the forecasted load and scheduled output of generators using
Equation (11). The Monte Carlo sampling method extracts irregular load profiles, and the active power
references and frequency deviation for all samples are calculated by the samples. Note that the flow of
multiple scenarios is represented by a dotted line. Finally, using the graphical approach described in
Figure 1, the frequency–power droop coefficients of VSC HVDCs and LCC HVDCs are determined.
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3. Simulation Results

Case studies were performed using two test systems. First, we verified the proposed method
using the IEEE 14-bus test system, which is widely utilized to evaluate algorithms considering
transmission networks [39]. Then, we provided the simulation results considering an actual power
system, i.e., that of Jeju Island in Korea.
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3.1. Simulation Results for the IEEE 14-Bus Test System

Figure 3 represents the modified IEEE 14-bus test system, including both LCC and VSC HVDC
systems. The base of the complex power is 100 MW. Synchronous condensers are eliminated from the
original test system, and only a single generator at Bus #1 is considered for simplification. Because Bus #1
is the reference bus, and the voltage-controlling generator is installed at the bus, the voltage magnitude
and angle are 1 p.u. and 0 rad, respectively. The active power of the generator is fixed at 50 MW (0.5 p.u.)
because it is not considered as a variable in the optimization problem. A 500 kV/200 MW LCC HVDC
and a 400 kV/200 MW VSC HVDC are included at Bus #2 and #3, respectively. The parameters of the
LCC HVDC are modified from the well-known CIGRE BENCHMARK model [40]. In the test system,
the variables to be determined are PLCC, PVSC, and QVSC. Note that the harmonic filters and shunt
capacitors of the LCC HVDC system are considered at the admittance matrix.

We compared the steady-state results of two conventional methods and the proposed method.
In the first method, VSC HVDC operates in unity power factor (UPF) mode, so that the reactive
power output is zero. In the second method (VC mode), the VSC HVDC controls AC voltage to
be as high as possible. In both methods, the active power references of LCC and VSC HVDCs are
identical. The forecasted load profile in the test system is illustrated in Figure 4, which is applied to
both case studies.
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Figure 5 shows voltage profiles with the conventional and proposed method. Voltage profiles
are investigated in the case studies, in that security constraints of AC voltage should be satisfied by
utilizing the optimization problem. In UPF mode, the AC voltage profiles of most buses are lower than
the lower bound (Vlb), as shown by the blue areas of Figure 5. On the other hand, in VC mode, AC
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voltage is maintained within the operational boundaries, because VSC HVDC compensates reactive
power into the network as much as possible. The voltage is also maintained within its boundaries using
the proposed method, because constraints on AC voltage are reflected in the optimization problem.
However, the amount of reactive power with the proposed method is smaller than that of the VC
mode, as shown in Figure 5.Appl. Sci. 2018, 8, x FOR PEER REVIEW  8 of 15 
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Table 1 shows the comparisons of active power outputs of LCC and VSC HVDCs, and the resulting
power loss in three cases. As the outputs of LCC and VSC HVDCs are intended to be identical in the
conventional methods, both HVDCs provide the same active power into the power network. On the
other hand, VSC HVDC provides more active power than LCC HVDC in the case of the proposed
method to minimize system loss. As a result, the active power loss of the test system with the proposed
method is reduced 13.89% and 11.79% from that of the UPF mode and VC mode, respectively. Even the
voltage level is higher when VSC HVDC operates on VC mode than the proposed case; power loss
is smaller when using the proposed method, because the current flow increases for reactive power
compensation in VC mode. As shown in Figure 5 and Table 1, the simulation results suggest that the
proposed method is effective with steady-state characteristics for the IEEE 14-bus test system.

Table 1. Comparison of power in three cases.

UPF Mode VC Mode Proposed

Output of LCC HVDC (PLCC) 112.02 MW 111.96 MW 84.08 MW
Output of VSC HVDC (PVSC) 112.02 MW 111.96 MW 139.26 MW

Power loss 5.04 MW 4.92 MW 4.34 MW

UPF: unity power factor, VC: voltage control.

To verify the droop coefficient determination method, we generate 10,000 load profiles reflecting
forecasting error. We assume that the active and reactive load profile follows the normal distribution
function, in which the average is the forecasted value and the standard deviation is 3% of the forecasted
value. According to a previous study [21], we define Req and D as 0.1 and 2, respectively. Figure 6
illustrates the graphical analysis of the frequency–power droop coefficient design methodology. As the
optimization results are scattered as grey dots in Figure 6, we can define the droop coefficients of LCC
and VSC HVDCs—RLCC and RVSC, respectively—like their corresponding lines.

Using Equation (15), we can derive the final droop coefficient values as RLCC = 0.227 and
RVSC = 0.179. The calculated droop coefficients are verified by comparison with the conventional
case. The conventional case is defined as the situation where the operating points are determined
by the optimization, and the droop coefficients are determined proportional to their capacity [41].
To verify the proposed determination method, we utilized 10 randomly sampled load profiles. Table 2
shows the comparison of average outputs and power losses. As described in Table 2, the deviation
of power loss increased using the proposed method to reduce total system loss. From the simulation
results in Tables 1 and 2, we suggest that the proposed optimization problem and the droop coefficient
determination method enhance the efficiency of the test system.
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Table 2. Comparison of power loss between randomly sampled load profiles.

Conventional Proposed

Deviation of LCC HVDC’s output (∆PLCC) −0.32 MW −0.28 MW
Deviation of VSC HVDC’s output (∆PVSC) −0.32 MW −0.35 MW

Deviation of power loss −36.41 kW −36.74 kW

3.2. Simulation Results for the Jeju Island System

Figure 7 shows the configuration of the Jeju Island power network [42]. There are four generators
and three HVDC systems, i.e., two LCC HVDCs and one VSC HVDC. The first LCC HVDC is
a 180 kV/300 MW system constructed in 1998, and the second LCC HVDC is a ±250 kV/400 MW
system constructed in 2013. The VSC HVDC considered in the simulation is a planned installation
with a capacity of ±150 kV/200 MW. The base of complex power is 100 MW, and the base voltage is
154 kV. The active power of generators, line impedance, and data of the shunt compensator in the test
system are represented in Appendix A. The actual load data from Jeju Island at peak time is utilized,
as illustrated in Figure 8. The simulation scenarios are similar to those with the IEEE 14-bus test
system. Only one generator at Jeju 3C/S controls the voltage magnitude at 1.04 p.u., and the other
generators only regulate active power, which means that the reactive power of these generators is zero.
The output of the conventional method is determined proportional to capacity.
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Table 3 shows the results of steady-state analysis using the conventional and proposed methods.
As the outputs of multiple HVDCs are determined proportional to their capacity in the conventional
method, the active power ratio of Jeju #1, #2, and #3 is 3:4:2. On the other hand, the results of the
proposed method determine the operating points of the HVDCs using an optimization problem. Thus,



Appl. Sci. 2019, 9, 606 10 of 14

power loss in the system was reduced 13.82% from that of the conventional method. The results
suggest that operation with the proposed optimization problem would reduce power loss. In the
second case, Jeju #1 and Jeju #3 are connected to same bus. Among two HVDC systems, the ratio
of active power is not significant, because they are connected to same bus. However, the references
to them are determined because LCC HVDC absorbs reactive power different from the VSC HVDC.
Therefore, the proposed optimization problem considers not only active power but also optimal
reactive power flow.
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Table 3. Comparison of power loss between the conventional and proposed methods.

Conventional Proposed

Output of Jeju #1 (PLCC1) 132.82 MW 50.17 MW
Output of Jeju #2 (PLCC2) 177.09 MW 305.73 MW
Output of Jeju #3 (PVSC) 88.55 MW 41.80 MW

Power loss 6.26 MW 5.50 MW

Figure 9 presents a graphical analysis of droop coefficient determination. To verify the droop
coefficient determination method, 1000 randomly extracted scenarios were utilized. Equivalent droop
coefficients Req and D were assumed to be identical to the previous case study. As a result, we could
derive the droop coefficients, RLCC1, RLCC2, and RVSC, as 0.298, 0.233, and 0.426, respectively.
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The droop coefficients derived from Figure 9 are verified by comparison with the conventional
case, in which the steady-state system is determined by an optimization problem. The only difference
between the conventional and proposed methods is that the droop coefficients are proportional to
capacity in the conventional method. Table 4 shows the average loss deviation from the power loss at
steady-state for 1000 random cases. Power loss deviation is reduced 0.48% using the proposed droop
coefficients. The difference is very small because the droop coefficient in the conventional method is
very similar to that of the proposed method; however, the power loss is successfully reduced using the
proposed method.
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Table 4. Comparisons of average power loss deviation for irregular load profiles.

Conventional Proposed

Deviation of power loss 1.683 kW 1.675 kW

4. Conclusions

We propose the use of an optimization problem for MIDC systems. The optimization problem
considers both the LCC and VSC HVDCs, and we derived their models to analyze the efficiency
of the AC network. The purpose of the problem is loss minimization. Furthermore, we utilized
the optimization problem to determine the frequency–power droop coefficients of multiple HVDCs,
considering characteristics of both the LCC and VSC HVDCs. The determination method calculates
the coefficients by minimizing the root mean square error between the numerous optimization results
from the Monte Carlo sampling method, asw well as the linear-approximated values. As several small
optimization problems are solved in the proposed method rather than one big problem, the proposed
method reduces computation burdens compared with conventional stochastic optimization problems.
In other words, the computation time increases arithmetically with the number of samples for our
method. Two test systems, an IEEE 14-bus test system and an actual Jeju grid, were used to verify
the proposed method. From the simulation results, we suggest that the proposed method efficiently
reduces loss in the power system. For future work, consideration of an overall system, including
HVDC networks and an AC system for the sending side, is required. By investigating the overall
system using the proposed method, we can find globally optimized operating points of multiple
HVDC systems, in order to enhance power system efficiency.
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Appendix A

Table A1. Bus data of the Jeju Island network.

Number Name PGEN [MW] QSHUNT [MVAr] PLOAD [MW] QLOAD [MVAr]

120 Jeju T/P 200.1 −24.4 0 0
121 Jeju C/S 0 100 0 0
122 Jeju T/S 75.4 −14.2 0 0
130 Dongjeju 0 0 123.1 39.1
140 Sinjeju 0 0 149.3 47.5
150 Halim C/C 0 0 21.8 6.9
160 Anduk 0 10 89 28.3
170 Namjeju 88.3 30.8 0 0
180 Sinseogui 0 0 77 24.5
190 Hala 0 0 135.2 20
200 Seongsan 0 0 69.4 22.1
210 Pyoseon 0 0 64.1 20.4
220 Sanji 0 0 84.6 26.9
310 Seojeju 0 168 0 0
331 Halim 0 0 58.5 18.6
350 Jocheon 0 0 59 18.8
360 Gumak C/S 0 34 0 0
400 Jeju 0 0 20 6.4
701 Jeju3C/S 195 0 0 0
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Table A2. Branch data of the Jeju Island network.

To From Id R [p.u.] X [p.u.] B [p.u.]

Jeju T/P Jeju C/S 1 0 0.00001 0
Jeju T/P Hala 1 0.012046 0.058234 0.089314
Jeju T/P Jocheon 1 0.008051 0.038281 0.028533
Jeju T/P Jeju3C/S 1 0.000583 0.006068 0.171872
Jeju C/S Jeju T/S 1 0 0.00001 0
Jeju C/S Dongjeju 1 0.005688 0.026864 0.010699
Jeju T/S Seongsan 1 0.012916 0.060538 0.030189
Jeju T/S Jeju3C/S 1 0.000586 0.006004 0.171872
Dongjeju Sinjeju 1 0.007066 0.033294 0.013268
Dongjeju Sinjeju 2 0.007066 0.033294 0.013268
Dongjeju Pyoseon 1 0.014445 0.071026 0.142377
Dongjeju Sanji 1 0.000404 0.004380 0.087103
Dongjeju Sanji 2 0.000404 0.004380 0.087103
Dongjeju Jeju3C/S 1 0.000583 0.006068 0.171872
Dongjeju Jeju3C/S 2 0.000583 0.006068 0.171872
Dongjeju Jeju3C/S 3 0.000583 0.006068 0.171872

Sinjeju Seojeju 1 0.001280 0.005670 0.002459
Sinjeju Seojeju 2 0.001280 0.005670 0.002459

Halim C/C Seojeju 1 0.012159 0.053845 0.023354
Halim C/C Halim 1 0.000110 0.000100 0

Anduk Namjeju 1 0.000759 0.006820 0.121576
Anduk Namjeju 2 0.000763 0.006810 0.121638
Anduk Sinseogui 1 0.009642 0.044350 0.019041
Anduk Hala 1 0.014618 0.066670 0.028975
Anduk Gumak C/S 1 0.006367 0.029764 0.012026
Anduk Jeju 1 0.007632 0.035500 0.014904

Sinseogui Hala 1 0.008861 0.0740814 0.017478
Hala Pyoseon 1 0.009614 0.046274 0.067795

Seongsan Pyoseon 1 0.001086 0.006344 0.190712
Seongsan Jocheon 1 0.009854 0.046712 0.031940

Seojeju Jeju 1 0.002120 0.009875 0.004140
Halim Gumak C/S 1 0.002037 0.009525 0.003848
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