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Figure 24. Experiment setup 2 of the 3-phase AC/DC PWM converter. SMPS: switched-mode power
supply; DSP: digital signal processor; MCCB: molded case circuit breaker.

Figure 25 shows the waveforms for the operating sequence of a 3-phase AC/DC PWM converter
for DC distribution. To prevent an excessive inrush current to the capacitor, the dc-link capacitor is
charged while using an initial charging circuit consisting of magnetic switch and a resistor. After the
initial charging is completed, the main magnetic switch is activated and the voltage is charged to the
capacitor up to the input phase voltage peak value of 311 Vdc. The controller then starts to operate and
the voltage increases up to 700 Vdc, which is the voltage reference, and the operation maintains steady
state. As the load capacity increases, the output current gradually increases and the voltage remains
constant, despite the increasing load.

Figure 25. Waveform of 3-phase AC/DC PWM converter operation.
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Figure 26 shows the input phase current waveform at the grid side when a load of 12.3 kW is
applied, which is the largest capacity used of those shown in Figure 25. Since the load capacity is lower
than that of the designed capacity of 50 kW, the current waveform includes the harmonics.

 

Figure 26. Waveform of input phase current of 3-phase AC/DC PWM converter.

Figure 27 shows the grid side input a voltage and current waveforms. The phase angle of the
input phase voltage was extracted while using the positive sequence voltage and phase detector
using SOGI-FLL without the need to use the PLL of the conventional control or the PLL used for the
coordinate transformation of the phase current. In addition, the power factor is controlled to be 1 by
adjusting the d-axis current command in the synchronous reference frame, which is a reactive power
component. The phase detection performance of SOGI-FLL is then verified by experiment waveform.

Figure 27. Waveform of input phase a voltage and current.

Figure 28 shows the 3-phase voltage waveform when a voltage drop (about 10%) occurs on the
b phase. Figure 28b shows the expanded waveform of Figure 28a when the voltage drop occurs,
and Figure 28c shows the waveform of the 3-phase positive sequence input voltage extracted while
using SOGI-FLL. The amplitude of the 3-phase positive sequence voltage decreases due to the voltage
drop. Even though the input 3-phase voltage is unbalanced, the extracted positive sequence voltage
using SOGI-FLL maintains the balanced condition.
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Figure 28. Waveforms of extracted 3-phase positive sequence input voltage using SOGI-FLL when the
b phase has voltage drop.

Figure 29 shows the positive and negative sequence αβ voltage and phase angle θ, before and after
the b phase voltage drop. In the case of the αβ voltage in the stationary reference frame, the amplitude
and phase angle of the positive sequence component are always the same as these of the grid side. While
the appearance of the negative sequence component is negligible at the steady state, the amplitude
varies depending on the distortion in the unbalance condition. The phase angle θ of the positive
sequence is always rotated in the same direction. In the case of a negative sequence, the magnitude,
direction, and shape of the phase angle change depending on the balance, unbalance, and distortion.
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Figure 29. Waveform of detected positive/negative sequence αβ voltage and phase angle θ (before and
after b phase voltage drop).

6. Conclusions

In this paper, we studied a control method using SOGI-FLL for a 3-phase AC/DC PWM converter
that is used in a DC distribution system. The proposed control method comprises a SOGI-FLL,
which performs positive sequence voltage extraction, phase angle extraction, and harmonic filtering
without an additional filter.

In DC distribution system, the power delivered to the load will depend on the 3-phase AC/DC
PWM converter that is connected to the grid. However, the conventional control method with PLL
used in 3-phase AC/DC PWM converter can not flexibly cope with the various conditions occurred in
the grid. Unlike the conventional method, the proposed control method using SOGI-FLL can allow for
the stable power to supply to the load in DC distribution even when various conditions occurred in
the grid because it have stable and fast transient characteristics.

Experiment and simulation applied to 50 kW 3-phase 2-level AC/DC PWM converter was
performed to verify the feasibility and effectiveness of the proposed control method. As a result,
stable and fast transient control was verified while using the proposed method, even if the input
voltage includes various harmonics, the frequency changes and a voltage drop occurs. Given those
results, it is expected that the proposed method based on SOGI-FLL is one of good candidates for DC
distribution system.
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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
short-circuit ratio (MIESCR) [12], apparent increase in short-circuit ratio (AISCR) [13], and improved
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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
dΔω(i)

dt
+ DΔω(i) (12)

where Meq is the moment of inertia and D is the load damping coefficient. The deviation of grid
frequency is represented by Δω. As the steady-state value (i.e., Δω = 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

Δω(i) =
− N

∑
n=1

ΔPLOAD(n, i)

N
∑

n=1

1
RVSC(n)

+
N
∑

n=1

1
RLCC(n)

+ D
, (13)

where ΔPLOAD(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.

 

 

Figure 2. Overall procedure of the proposed method to calculate droop coefficients.

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.

 

Figure 3. Configuration of Institute of Electrical and Electronics Engineers (IEEE) 14-bus test system.

 
Figure 4. Forecasted load profile for the IEEE 14-bus test system.

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.

Figure 5. Voltage profile of the conventional and proposed methods in the IEEE 14-bus test system.

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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Figure 6. Graphical coefficient determination method applied to the IEEE 14-bus test system.

Table 2. Comparison of power loss between randomly sampled load profiles.

Conventional Proposed

Deviation of LCC HVDC’s output (ΔPLCC) −0.32 MW −0.28 MW
Deviation of VSC HVDC’s output (ΔPVSC) −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.

Figure 7. Configuration of the Jeju Island network with multiple HVDCs.

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,
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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.

 
Figure 8. Load profile for Jeju Island.

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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Figure 9. Graphical analysis of the coefficient determination method applied to the Jeju Island system.

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

136



Appl. Sci. 2019, 9, 606

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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Abstract: With the rapid expansion of renewable energy and digital devices, there is a need for
direct current (DC) distribution technology that can increase energy efficiency. As a result, DC
distribution research is actively underway to cope with the sudden digitization and decentralization
of load environment and power supply. To verify the possibility of DC distribution, Korea Electric
Power Corporation (KEPCO) Research Institute made a DC distribution system connected with a
real power system in Gwangju. The construction of the demonstration area mainly includes design
of protection and grounding systems, operating procedures of insulation monitoring device (IMD),
and construction of power converters. Furthermore, this paper goes beyond the simulation and
the lab testing to apply DC distribution to a real system operation in advance. It is designed as a
long-distance low-loaded customer for rural areas and operated by the DC distribution. In addition,
safety and reliability are confirmed through field tests of DC distribution elements such as power
conversion devices, protection and grounding systems. In particular, to improve the reliability of
non-grounding system, the insulation monitoring device was installed and the algorithms of its
operational procedures are proposed. Finally, this paper analyzes the problems caused by operating
the actual DC distribution and suggests solutions accordingly.

Keywords: DC distribution system; AC/DC converter; protection; grounding system; insulation
monitoring device (IMD)

1. Introduction

The share of DC power consumption in PCs, TVs, DC buildings, Internet Data Centers (IDCs),
and DC homes is expected to increase. In particular, EPRI in the United States estimates that digital
devices will account for 50% of the world’s total DC load in 2020. In addition, due to the expansion
of renewable energy, such as photovoltaics (PV) generation and fuel cells, there is a need for a new
high-quality electricity service, such as DC distribution service technology. In existing AC distribution
systems, the power conversion to DC was required to take advantage of the distributed resources
or the DC consumers, which resulted in additional cost and power losses. However, in the case of
DC distribution systems, the power conversion step can be omitted to enable a more efficient and
economical operation, compared to the existing AC distribution system, when the DC distributed
resources and DC consumers are connected [1]. Previous studies have confirmed the economics of the
Direct Current (DC) distribution system [2]. In addition, the DC distribution system can effectively
control voltage using the power conversion device instead of the transformer, and it can limit the
fault current in case of an accident at the load side and prevent accidents from spreading to the main
grid. However, there are still difficulties for DC distribution system operation and there is insufficient
research on connecting with the actual grid system. The accurate detection and location of fault results
in fast restoration of the system are needed [3]. In previous studies, the lab test was performed prior to
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applying the DC distribution to the actual grid system, confirming the tremendous potential of the DC
distribution system [4]. In this paper, the DC distribution was applied to the actual grid system and
confirmed the possibility of its commercialization. The construction of a demonstration area has been
verified by simulations and field tests. Also IMD, the DC distribution fault detecting system, has been
installed and its operating algorithms are proposed.

2. Design of DC Distribution System

This paper represents the design of the DC distribution system for the long-distance low load in
rural area. Because the DC distribution system is entirely different from the existing AC distribution
system, it should begin with the fundamental reviews of the components to supply DC power to the
customers [5–7]. This chapter represents the design of DC distribution systems, including protection
and grounding.

2.1. Grounding and Protection

The grounding and protection of the DC distribution system in constructing the DC distribution
system are an indispensable factor for the stable operation of the system, together with the safety of the
users and the protection of the equipment. This chapter describes grounding and protection methods
to be applied to the DC distribution system.

2.1.1. Grounding

The classification of grounding, which saves a human life and protects properties from electric
shock that could cause fire and lightning, follows the protection method of IEC 60364, IT(Isolate-Terra),
TN(Terra-Neutral), and TT(Terra-Terra) methods. Each grounding method is classified in accordance
with the purpose and the use. In this study, the IT grounding system, which is deemed to be the
most suitable for the DC distribution system, is applied to the plan. In the case of the IT grounding
method, none of the power lines are grounded to earth, and only the consumer side conductive
enclosure is grounded. Unlike other grounding methods, the IT grounding method is suitable for the
DC distribution system because it does not cause any electrolytic corrosion appearing on the earth
pole [8].

In order to check the safety of the IT grounding system, the ground fault simulation, which is DC
distribution with a 750 Vdc of 1 km line and IT grounding system, was performed (Figure 1). When a
ground fault is simulated on the pole, no-fault current flows and the rise of ground potential is zero.
In practice, however, a slight voltage rise may occur due to the isolation between the system and the
ground. In the case of IT grounding, the ground potential rise does not occur when a ground fault
occurs. However, when the second ground fault occurs, a fault current flows to the ground, and the
rise of ground potential is very steep. According to reference [9], the rise of ground potential is less
than 10 mV when the insulation resistance is 1 MΩ, and it is considered as a ground fault when the
insulation resistance value is less than 20 Ω. Figure 2 shows the relation between the pole voltage,
insulation resistance, and touch voltage of the DC distribution system of the IT ground. As can be
seen from the figure, the IT grounding system hardly causes the ground potential rise, even if the
insulation level is low. The ground fault in the underground and overhead lines are then simulated.
The graph shown in Figure 3a shows the simulation result of the contact voltage at the ground fault in
the underground line. In the event of a fault, a voltage close to the terminal voltage is generated and
is decreased in 4 μs, falling below the maximum contact voltage of 120 Vdc. After 10 μs, the contact
voltage drops below 1 Vdc. Since the period of a dangerous level of voltage generation is very short,
the danger to the human body is very low.
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Figure 1. Ground Fault IT(Isolate-Terra) System.

Figure 3b shows the ground fault in the overhead line. In the case of an overhead line, the
resonance of the contact voltage occurs at the beginning of the fault due to the inductance of the line.
Theoretically, the maximum impulse voltage should be the same as the pole voltage at the beginning
of the fault. However, the simulation results show that the initial impulse voltage is relatively low
because of the low capacitance of the line. However, in the case of the overhead line, in contrast to
the underground line, the resonance phenomenon of contact voltage attributed to fault occurred for a
relatively long 100 μs. However, the voltage exceeding 120 Vdc dissipates almost instantaneously with
the occurrence of the fault. Therefore, one can conclude that safety is not a concern in this case. Based
on international standards, it is acceptable for the human body to be exposed to 800 Vac for 0.04 s.
The simulation results of the aforementioned overhead line and the underground line all disappeared
within 100 μs. Therefore, it is considered that the discharge current due to the total capacitance between
the DC line and the ground in the IT system moves quickly, and no danger to the human body is
anticipated. Given that the TT and TN grounding methods connect one power line to the ground
through a protective conductor, a ground fault in any one of the power lines causes a fault current to
be generated because of the closed circuit between the power sources by the protective conductor. The
IT grounding method, on the other hand, is advantageous even in the case that the one-wire ground
fault in the power line does not cause an interruption of the power or the load supply because it does
not constitute a closed circuit. However, even when the IT grounding method is used, if a two-wire
ground fault occurs, a closed circuit is formed and causes a ground fault. Therefore, in order to secure
the advantages of the IT grounding method and prevent electric shock accidents, it is important to
detect the accident on the one-wire ground fault and take measures to prevent a two-wire ground
fault. The IT grounding method is characterized by a decrease in the insulation resistance between the
power line and the ground in the event of a ground fault. Such deterioration of insulation resistance
leads to insulation breakdown, which can cause damage due to electric shock and fire. To prevent
such failure, the IEC 61557 specifies that an insulation monitoring device (IMD) should be installed in
an IT grounding system environment to protect facilities and the human body from one-line ground
fault [10]. Therefore, an IMD is installed and applied in this study.

Figure 2. Correlation diagram of pole voltage, insulation level, and contact voltage in IT ground.
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(a) (b) 

Figure 3. Simulation of ground fault in DC distribution line of IT ground: (a) underground line;
(b) overhead line.

2.1.2. Fault Detection Device

In the case of non-grounded systems, it is difficult to detect grounding faults by a conventional
method. Therefore, real-time analysis of the insulation resistance in the energized-line is necessary.
Thus, an IMD is installed.

IMD is commonly used to measure insulation resistance in closed circuit rail or medical
devices [11]. Currently, the development of IMD technology for the distribution line is in the early
stage, and there is no application for outdoor use. Furthermore, it is necessary to study operation
standards and procedures. Therefore, this paper confirms the applicability of IMD and presents the
operational procedures. It is necessary to set appropriate alarm value to detect ground faults while
operating the distribution system and coping with system stoppage or re-input according to the
situation. However, there is currently no standard for IMD alarm set-points for DC distribution lines.
However, in “Selection and erection of electrical equipment—isolation, switching and control” of IEC
60364-5-53 Annex H, the pre-warning is specified as 100 Ω per 1 V and the warning as 50 Ω per 1 V.
The setting value of IMD is recommended to be set to 1.5 times this value. It is essential to select an
appropriate alarm set-point because the IMD for the DC distribution line monitors the insulation of
the DC distribution line and the associated power converter. Therefore, a flow chart of the operation
procedure was proposed for determining the IMD alarm setting value required in the field application
(refer to Figure 4). In the case of alarm 1 of IMD, be cautious of the possibility of decreased insulation
resistance in the line, while the alarm 2 should immediately trigger stopping of the operation, followed
by an inspection. This is to prevent possible grounding caused by animals or humans, which can
lead to secondary failure, which may lead to deadly accidents. In this study, the alarm value is set by
measuring the real-time insulation resistance value according to the proposed operating procedure for
the DC distribution to be applied to the actual grid system.
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Figure 4. Proposed insulation monitoring device (IMD) operating procedures.

2.1.3. Protection

The purpose of the power system protection is to secure people and equipment by eliminating
faults or limiting voltage and current below a certain level. If a failure occurs in the DC distribution
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system, the protection operation should be performed for the faulty part, and the fault should be
detected, even when it does not require any protective operation [12,13].

In the DC distribution system, the protection system can be divided into three parts: power
supply rectifier, DC distribution line, and consumer. The protection system should be determined by
the system grounding method, voltage level, network configuration, and power converter structure.
Protection of the system shall meet the following requirements.

• The risk level should not be higher than the existing AC system.
• Faults should be detected and removed.
• Fault section should be separated.
• There should be no breakdown of equipment due to line failure.
• Safety should not be threatened by equipment failure.

The protection requirements of the above system can be satisfied by protective devices such as
converter protection system, circuit breaker (CB), overcurrent/overvoltage relay, surge protection
device (SPD), IMD, grounding system, electrical isolation, and insulation cooperation.

As shown in the Figure 5, the protection system of the DC distribution system was designed.
First of all, a surge protection device needs to be installed on the primary side of the transformer to
protect against overvoltage which can flow through the high-voltage line. The transformer does not
need to be grounded on the secondary side because the flow of current through the earth can cause
permanent failure. A DC circuit breaker (DCCB) was installed on the rectifier output side to prepare
for overcurrent and short circuit faults that may occur in each pole. In addition, the DCCB can be used
when the rectifier between the high voltage line and the DC line needs to be independent, allowing for
the independent operation of the lines on each end. At this moment, the converter system can supply
limited fault current when the fault occurs and control the DCCB by the measured fault results. Since
the use of the IT grounding system, the IMD is installed to monitor grounding faults. If a grounding
fault occurs in the DC line, the insulation monitoring device controls the DCCB, and if the grounding
situation is not resolved, the DCCB between the transformer and the converter system is controlled to
cut off the power supply. In addition, an SPD is installed to protect the converter system and the line
against the DC line overvoltage input. Likewise, an SPD is installed in front of the customer’s side to
provide protection against overvoltage inflow to the customer’s network and the inverter. In addition,
a DCCB is installed in front of the customer’s inverter to protect the DC line from the fault of the
customer’s network and the inverter. The inverter limits the amount of current passing through at the
time of the fault to ensure the normal operation of the CB, while the CB installed on the customer’s
power supply line performs the protection operation if the operating characteristics curve in the event
of failure.

Figure 5. Design of protection system for DC distribution.

3. Field Test

Before applying the DC distribution element to the field, the application test of the IMD and the
converter system device is carried out on the DC distribution line installed in the power test center.
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The power test center is a demonstration site similar to the environment in which actual grid system
are installed. The center was constructed to improve the reliability of a device under test (DUT) and
to confirm its performance (Figure 6 and Table 1). A 70SQ CV cable on the demonstration site, a
long-range 700 m power line, was used in the test.

Figure 6. Configuration of DC demonstration site.

Table 1. Specifications of component in power test center.

Item Capacity Topology

AC/DC Converter (Rectifier) 100 kW 2-level type

DC/DC Converter (2EA) 15 kW Buck-Boost type

DC/AC Converter (2EA) 15 kW 2-level type

Transformer 100 kVA -

3.1. Fault Detection

To verify the IMD, at the DC demonstration site, the application test was divided into two cases.

(a) Case 1

The condition of first IMD application test is shown in Figures 7 and 8. As shown in the figures,
the P-pole grounding fault occurred in the middle of the power line, and the measurement position of
the IMD is the output side of the AC/DC converter. Also, the short circuit resistance of the grounding
fault simulator was set to 0.632 Ω to limit the grounding fault current to 600 A maximum, and the fault
duration was set to 10 s. The IMD generated Alarm 1 and 2 at approximately 5 s after the fault occurred.

Figure 7. Fault detection test case 1.
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Figure 8. Fault detection test case 1 result waveform.

(b) Case 2

In case 2, the IMD performance test was conducted with varying loads. The configuration is
shown in Figure 9. The real-time insulation resistance of the IMD was measured when the IMD
was connected to the AC/DC converter output side, and each load of the demonstration site was
driven. The insulation resistance of the IMD was measured in real time while the IMD was connected
to the output side of the converter to pass the voltage through the line, and all the loads at the
demonstration site were applied. Table 2a shows the measured values when the converter is activated
in the no-load condition.

Figure 9. Fault detection test case 2.

The real-time insulation resistance value is above the maximum measurable value of 10 MΩ.
Case (b)–(d) show the real-time insulation resistance value when the simulated loads corresponding
to Figure 9. It shows a healthy level of insulation resistance of the test line and power converters
from 225 kΩ to 295 kΩ. Therefore, it was confirmed that the distance and variation of load do not
significantly impact the insulation resistance value. Also, it was found that the failure detection
time and the failure resolution recognition time were about 5 s, therefore the instantaneous response
was impossible.

Table 2. Measurement of insulation resistance.

Case Insulation Resistance

(a) >10 MΩ

(b) 224 kΩ

(c) 253 kΩ

(d) 295 kΩ

147



Appl. Sci. 2019, 9, 1074

4. Construction of Actual DC Distribution Line

In this chapter, applying actual DC distribution studies carried out based on the previous studies
are discussed. This chapter established DC distribution system to connect to the actual grid system
and confirmed the feasibility of the DC distribution system.

4.1. Commercial Distribution Line

The existing long-distance low-load grid line, which supplied high-voltage AC power, is replaced
by the DC distribution system. The target line is a long-distance (over 12 spans) and low-load (under
30 kW) aerial bundled cable (ABC), where the possibility of line failure due to contact with trees is
high. The location of the target line is 52L1~52L12 at Chungok Reservoir, a Gwangju Jeonnam HQ
controlled area.

In, DC distribution, a DC/AC inverter has been used to convert a 13.2 kV high-voltage AC line
into DC line. Unlike any conventional transformer, controlling voltage and current at the output stage
is possible, as well as the power factor through the internal control algorithm of the converter device.
In addition, since the low-voltage line replaces the existing high-voltage line, it is expected that the
fault that occurs due to the contact of the trees can be reduced.

4.2. DC Distribution Equipment

The significant equipment of the DC distribution system connected to the actual grid in Gwangju
are primarily composed of the transformer, converter system, protection system, and monitoring
system. The specifications of each device are shown in Table 3. Single-phase AC/DC converter and
single-phase DC/AC inverter switching devices use SiC for efficiency improvement [14,15].

Table 3. Specifications of DC distribution equipment.

Item Pole Transformer Converter (AC/DC) Inverter (DC/AC)

Input voltage 1∅ 13.2 kVac 1∅ 220 Vac 750 Vdc

Capacity 30 kVA 30 kW 30 kW

Rated voltage - 750 Vdc 220 Vac ± 5%

THD - <5% <5%

Efficiency - ≥97% ≥97%

The detailed system configuration is shown in Figure 10. In case of a problem with the DC
distribution system, the customer can switch to the existing AC system in order to prepare for the
long-term power outage. The Cut-Out Switch (COS) shown in Figure 10 and the pole transformer on
the load side can supply AC. To supply DC voltage, open the COS ( 1©) for the two lines and put COS
( 2©) to use. On the contrary, to supply AC voltage, put COS ( 1©) to use for the two lines and open the
COS ( 2©). The power supply and the load side AC/DC Converter are separated from the transformer
to ensure stability. A low-voltage line was constructed below the neutral line in consideration of the
induction voltage of the high-voltage line. Also, to build a non-grounding (IT) system, the grounding
of the enclosure through the three-class grounding was enabled, and the IMD for monitoring the
grounding fault of the line was installed.
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Figure 10. Actual DC distribution line configuration.

4.3. Operation Results

The DC distribution was applied to the actual gird line to find problems and to improve the
performance. Also, by establishing operating data for the pilot lines, design, and operation standards
for DC distribution lines were created.

The performance of the AC/DC converter applied to the actual grid line was verified. The average
daily data from 14 February 2017 to 30 July 2017 are summarized. Approximately 86,000 data points
were collected per day, and the average was calculated. The voltage was very stable, with a fluctuation
of 5% over the 6 months. Except for the 23 February 2017 the efficiency remained near 98%.

On 23 February 2017 because the load usage was zero from 06:37:54 to 10:09:14, the daily
average efficiency was low. The data showed that the performance of the AC/DC converter system
was satisfactory.

As shown in the Section 3.1 “Fault detection,” the IMD was installed on the output side of the
AC/DC Converter as the IMD installation location does not impact its performance. In particular, this
paper tested the feasibility of the outdoor operation of IMD by installing it in an outdoor environment,
which is rarely done. The insulation resistance value (RINS) of the energized-line was measured upon
the installation of the IMD, following the operation manual shown in Figure 4. The measured value
was 487 kΩ so RINS is 750 (line voltage) × 100 Ω × 1.5 = 112.5 kΩ or more. Therefore, the alarm set
value is set as follows.

(i) Alarm 1—pre-warning
R_Alarm1 (kΩ) = line voltage (V) × 100 (Ω) × 1.5 = 750 × 100 × 1.5 = 112.5 (kΩ)

(ii) Alarm 2—warning
R_Alarm2 (kΩ) = line voltage (V] × 50 (Ω) × 1.5 = 750 × 50 × 1.5 = 56.25 (kΩ)

Next, Figure 11 is a measure of the IMD resistance value obtained from the actual DC distribution
system. The average daily data from 14 February 2017 to 30 July 2017 are summarized. As can be seen
from the waveform, the insulation resistance value is maintained at approximately 486 kΩ during the
measurement period, indicating alarms and faults did not occur. It was confirmed that the insulation
resistance value was monitored in real time.

Figure 11. Measurement of insulation resistance.
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The actual DC distribution system was completed in October of 2016 and continues to operate
normally. The waveforms below in Figure 12 shows the operation data of the AC/DC Converter
(input/output voltage, power) from 22 February 2017. As the load usage fluctuation is constant, a
representative day’s waveform was selected to be analyzed. The load usage ranged between 3 kW
and 4 kW, with a sudden maximum peak at 9 kW. Although the load was not large, the protection
operation of the power conversion device occurred intermittently in a sudden change of load condition
that was not periodic.

The representative waveform at the time of the protection operation is shown in Figure 13.
It is evident that the operation of the converter was interrupted at the moment when the protection
operation was initiated. To understand this deeply, the current data at the time of the incident was
acquired and analyzed with increased sampling time.

As shown in the waveform in Figure 13, 121 A of output current triggered the protection system.
This exceeds the rated capacity of the converter and the threshold current of triggering protection
system (Maximum 60 A) that indicates the need for more analysis.

A field survey confirmed that frequent water pump motor operations were found at farmhouses.
The motor inrush current is commonly known to be 500%~700% of the rated current. However, in
this incident, the inrush current reached 10 times the rated current. The DC/AC inverter system
improvement plan is proposed as follows.

There was no inrush current problem in the operation of the DC distribution line since the
protection operation level of the converter was reset. KEPCO Research Institute will continue to
develop new problems and solutions through a distribution operation.

 
(a) (b) 

Figure 12. Input and output data of AC/DC Converter. (a) Input voltage and power. (b) Output
voltage and power.

 

Figure 13. Waveform of protective action.
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5. Conclusions

Based on the business model of the DC distribution system derived from the previous work,
KEPCO research institute confirmed the possibility by applying DC distribution to the actual grid
system. The power line subject to the test was set to Section 52L1–52L12 at Chungok Reservoir, a
Gwangju Jeonnam HQ controlled area with the ABC cables. The target line is a long-distance low-load
grid rural area with 12 spans or more. A 30 kW class AC/DC converter for supplying DC voltage
and a 30 kW class DC/AC inverter for supplying AC voltage for household use were demonstrated
to construct a DC distribution in the target line. In addition, an IT grounding system that is safe for
electrolytic corrosion is applied to the DC distribution, and an IMD was installed to detect the failure
situation in real time. Since the IMD is rarely used in distribution lines in general, KEPCO proposed
the operational procedures and verified the feasibility of IMD by carrying out demonstration site tests
accordingly. In addition to adopting the IT grounding system, the safety system of the DC distribution
system was secured by designing and constructing the protection system.

By applying DC distribution to the actual grid system, the possibility of replacing the AC high
voltage line to solve the operational problems such as contact with trees and to operate the stable line
was confirmed. The established DC distribution is currently in operation. The operation data is and
will be continuously analyzed to improve the deficiencies. In the future, KEPCO plans to construct
an DC distribution system, with DC consumers, that will be more efficient and self-sustaining with
connected distributed power resources.
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Featured Application: The new index of area ratio of the commutation failure probability is

expected to evaluate the commutation failure under a wider fault range from the transient

performance, which is helpful to evaluate the impact of dynamic reactive power compensators

on the commutation failure probability of LCC-HVDC.

Abstract: Since thyristor cannot turn off automatically, line commutated converter based high voltage
direct current (LCC-HVDC) will inevitably fail to commutate and therefore auxiliary controls or
voltage control devices are needed to improve the commutation failure immunity of the LCC-HVDC
system. The voltage control device, a synchronous condenser (SC), can effectively suppress the
commutation failure of the LCC-HVDC system. However, there is a need for a proper evaluation
index that can quantitatively assess the ability of the LCC-HVDC system to resist the occurrence
of commutation failures. At present, the main quantitative evaluation indicators include the
commutation failure immunity index and the commutation failure probability index. Although they
can reflect the resistance of the LCC-HVDC system to commutation failures to a certain extent, they
are all based on specific working conditions and cannot comprehensively evaluate the impact of SCs
on suppressing the commutation failure of the LCC-HVDC system under certain fault ranges. In order
to more comprehensively and quantitatively evaluate the influence of SCs on the commutation failure
susceptibility of the LCC-HVDC system under certain fault ranges, this paper proposes the area
ratio of commutation failure probability. The accuracy of this new index was verified through
the PSCAD/EMTDC. Based on the CIGRE benchmark model, the effects of different synchronous
condensers on LCC-HVDC commutation failure were analyzed. The results showed that the new
index could effectively and more precisely evaluate the effect of SCs on commutation failures.
Moreover, the proposed index could provide a theoretical basis for the capacity allocation of SCs in
practical projects and it could also be utilized for evaluating the impact of other dynamic reactive
power compensators on the commutation failure probability of the LCC-HVDC system under certain
fault ranges.

Keywords: commutation failure probability; line commutated converter; high voltage direct current
(HVDC); synchronous condenser (SC); quantitative evaluation

1. Introduction

The LCC-HVDC system is widely used in the world due to its numerous advantages such as
bulk direct current (DC) power transmission over long distances and asynchronous interconnection of
alternating current (AC) grids [1]. However, due to the use of thyristor technology, the LCC-HVDC
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system can exhibit the commutation failure during various system disturbances [2]. One of the main
reasons for commutation failure is the AC busbar voltage drop that occurs during fault conditions [3,4].
Therefore, it is necessary to quickly and effectively regulate the AC busbar voltage during faulty
conditions so that the probability of commutation failure can be reduced. Dynamic reactive power
compensators can be installed at the inverter side to achieve quick voltage regulation of the AC
busbar by supplying a surplus of reactive power and thus decreasing the probability of commutation
failure [5]. The synchronous condenser (SC), a type of dynamic reactive power compensator, can
increase the AC system’s strength due to the shunting effect of the transient reactance during steady
and transient states [6]. It is therefore widely used in real-world LCC-HVDC systems to effectively
regulate the AC voltage and thus avoid commutation failure. Recently, SCs have been installed in
several LCC-HVDC projects in China to enhance the system’s strength and mitigate commutation
failures. Hence it is necessary to present an index that can quantitatively and comprehensively assess
the influence of SCs on the commutation failure of the LCC-HVDC systems.

Several works have focused on evaluating the commutation failure of the LCC-HVDC system.
An area of vulnerability (AOV) was discussed and a mechanism for the optimal allocation of dynamic
VAR sources was proposed in [7] in order to decrease the commutation failure probability of the
LCC-HVDC system at the inverter end. However, due to the use of steady-state equations for
calculating the probability of commutation failure, the transient behavior of the extinction angle
and phase shift in the AC voltage were not considered, which could lead to a decrease in the accuracy
of the results. An analytical approach to investigate the immunity levels to commutation failure of
the multi-infeed LCC-HVDC system was presented [8]. However, the dynamic responses during
transient conditions and the effects of different reactive power compensators were not considered.
A fast calculation approach to evaluate the risk of commutation failure in the multi-infeed LCC-HVDC
system was proposed [9]. However, the transient responses of different control parameters were
not undertaken. The commutation failure in the LCC-HVDC system using the spatial-temporal
discreteness of AC disturbances was investigated [10]. However, this approach was based on a
steady-state model, which meant that results obtained under different fault situations could have
a lack in accuracy. Two indices, referred to as the commutation failure immunity index (CFII) and
commutation failure probability index (CFPI), were proposed in [11]. This approach was based
on transient simulations, however could only evaluate the commutation failure under certain faulty
conditions. Thus, it is meaningful to propose a more comprehensive index to evaluate the commutation
failure under a wider fault range from the transient performance.

This paper proposes a novel index termed as area ratio of commutation failure probability,
to comprehensively and quantitatively evaluate the commutation failure of the LCC-HVDC system
with a SC under certain fault ranges. Considering the CIGRE benchmark model, the LCC-HVDC
system with a SC was built in the PSCAD/EMTDC. Different scenarios assuming the number of
synchronous condenser units were carried out in order to examine its effect on the area ratio of the
commutation failure probability of the LCC-HVDC system. The effectiveness of the proposed index
was validated through simulation results under different fault types and fault severity conditions.

The paper is arranged as follows. In Section 2, a detailed configuration of the LCC-HVDC system
with a SC is presented. In Section 3, the overall control mechanism for the LCC-HVDC systems and
a SC is discussed. In Section 4, a new index termed as area ratio of commutation failure probability
is proposed and verified through the PSCAD/EMTDC under different fault conditions. In Section 5,
the conclusion is provided.

2. Configuration of LCC-HVDC with a Synchronous Condenser

The configuration of the mono-polar LCC-HVDC system with SCs is shown in Figure 1.
The HVDC station is composed of two six-pulse converters connected in series. The SC is connected
to the AC bus at the inverter side via a step-up converter transformer. The rated DC power of the
LCC-HVDC system is 1000 MW and the rated reactive power of the SC is 100 Mvar.
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Figure 1. Schematic diagram of the LCC-HVDC system with a synchronous condenser.

The main parameters of the LCC-HVDC system with a SC are summarized in Table 1.

Table 1. Main parameters of LCC-HVDC with a SC.

Parameters LCC-HVDC SC

Rated AC voltage/kV – 20
Rated AC current/kA – 2.88

Rated capacity/MW(Mvar) 1000 100
DC voltage/kV 500 –
DC current/kA 2 –

Rated ratio of converter
transformer/(kV/kV)

345/213.5(Rectifier)
20/230230/209.2(Inverter)

Short circuit impedance of
coupling transformer/%

18(Rectifier)
818(Inverter)

Smoothing reactance/H 0.15 –

3. Control Mechanism for LCC-HVDC with a Synchronous Condenser

3.1. Control Mechanism for LCC-HVDC

The control system of the LCC-HVDC is consistent with the CIGRE benchmark model [12].
The system operates in the constant current control mode with a minimum firing angle at the rectifier
end, and adopts a constant extinction angle control mode at the inverter end, which is also equipped
with a constant current control mode and a current error controller (CEC) mechanism. The constant
current control at the inverter side is used as a backup control mechanism during severe AC and
DC disturbances. It contains a voltage-dependent current order limiter (VDCOL) function, which
helps in limiting the DC overcurrent and avoiding the stress on thyristor valves during different fault
conditions. Figure 2 presents the overall control mechanism for the LCC-HVDC system.
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Figure 2. Control mechanism for the LCC-HVDC system.

3.2. Control Mechanism for the Synchronous Condenser

The basic control mechanism for the SC is shown in Figure 3. The measured AC voltage and
excitation current, shown as Ut and If, respectively, are the input variables, and the excitation voltage
Ef is generated via proportional-integral (PI) function and then delivered to the exciter system. The SC
adopts the constant voltage control mode to adjust the AC bus voltage during both steady-state and
transient situations. When an AC fault is applied at the AC busbar, the increase in the excitation current
causes the excitation voltage of the SC to increase in order to provide a certain amount of reactive power
needed for AC voltage regulation. If the fault is serious or lasts for a longer time, the excitation current
could reach the maximum over-excitation current value. This will activate the maximum excitation
current limitation function by the control-signal of the If_mark to limit the excitation current around
the referenced value of Ifmax_ref. However, it is not allowed to keep the maximum over-excitation
current as Ifmax_ref for a long time. When the operating time of SC with Ifmax_ref exceeds the allowable
time, the anti-time over-excitation limiter will activate the over-excitation current limitation function
by the control-signal of OEL_mark, so as to limit the over-excitation current to a level of If_ref under
which the SC can keep operating for a longer time, finally to avoid the internal overheating of the SC.
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Figure 3. Control mechanism for the synchronous condenser.

4. Using the Area Ratio of Commutation Failure Probability to Evaluate the Effect of SCs on the
Commutation Failure Immunity of LCC-HVDC

In order to further study the suppression effect of SCs on the commutation failure of the
LCC-HVDC system, firstly, the simulation from PSCAD/EMTDC with different numbers of SCs
was compared to verify the effectiveness of the SCs on suppressing the commutation failure. Then,
a new index called area ratio of commutation failure probability was proposed. Finally, the area ratio
of commutation failure probability index was used to evaluate the suppression effect of the SCs on
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the commutation failure of the LCC-HVDC system under different short circuit ratios (SCRs) at the
inverter side. The following three cases were considered:

Case 1: No synchronous condenser is connected at the AC bus of the inverter side;
Case 2: One synchronous condenser with rated capacity of 100 Mvar is connected at the AC bus

of the inverter side;
Case 3: Two synchronous condensers each with rated capacity of 100 Mvar are connected at the

AC bus of the inverter side;

4.1. Validation of the Effectiveness of the SCs in Suppressing the Commutation Failure of the LCC-HVDC System

Three-phase fault is the most serious fault among all types of AC faults. Therefore, the same
three-phase fault was applied at the inverter bus of three cases to verify the effectiveness of the SC on
suppressing commutation failure. The fault inductance value was set to 1.28H (the smallest inductance
value that does not result in commutation failure in case 1), the fault time was 5.1s, and the fault
duration was 0.05s. The comparison of dynamic responses under the three-phase fault is shown in
Figure 4.

t t

t

t t

t

 
Figure 4. Feature comparison under the three-phase fault.

The comparison of the dynamic responses of different cases in Figure 4, showed that the DC
voltage, DC current, DC power, AC bus voltage, γ and the reactive power of SCs all dropped or
rose in varying degrees when the fault occured. Among them, the change range of Case 1 was the
largest, on the contrary, it was the smallest in Case 3. Compared with Case 1, the AC bus voltage at
the inverter side was supported and the rise of the DC current was restrained in Case 2 and Case 3
because of the reactive power compensation of the SCs, which reduced the drop of γ and effectively

157



Appl. Sci. 2019, 9, 925

restrained the occurrence of commutation failures. The reactive power sent by the SCs in Case 3 was
larger than that of Case 2 at the moment of fault. Therefore, Case 3 had a better suppression effect on
commutation failure.

4.2. Proposed Area Ratio of Commutation Failure Probability

Previous studies have shown that different numbers of SCs can improve the ability of the
LCC-HVDC system to resist commutation failure, but the method for quantitatively evaluating the
suppression effect of SCs needs further study.

A single- or three-phase fault occurring at the AC bus of the inverter side may cause a
commutation failure to occur in the LCC-HVDC system. The occurrence of a commutation failure is
not only sensitive to the severity of the AC fault, but also to the time-instant of when the fault occurs
during one AC cycle. Thus, the commutation failure probability index (CFPI) in [11] is used to assess
the chances of commutation failure occurrence in the LCC-HVDC system during one cyclic frequency.

To obtain the commutation failure probability curve, different fault levels under specific fault
times were considered. A single- or three-phase fault with inductance was applied at the AC busbar
and the fault level was varied by changing the inductance value. A simultaneous fault level in the
range of 100 fault points was applied while changing the fault time within one AC cycle duration
(0.02 s). The multiple run mechanism in the PSCAD/EMTDC examined the occurrence of commutation
failure and enlisted all related data. The probability of commutation failure for a specific fault was
then evaluated by taking the ratio of faults that could cause commutation failure to the total equivalent
fault points in one AC cycle. Multiple simulations were carried out to evaluate the probability for each
fault level and to obtain the commutation failure probability curve.

However, when the CFPI was used to quantitatively evaluate the effect of the SC on the
commutation failure of the LCC-HVDC system, the evaluation results were only based on a specific
fault. It could not fully and intuitively reflect the effect of the SC on the commutation failure of
the LCC-HVDC system in a wider fault range and thus could not provide a more comprehensive
evaluation for the commutation failure mitigation effect. By comparing the curves of the commutation
failure probability before and after the implementation of the SC at the inverter side, it was found
that the area surrounded by the curve of the commutation failure probability with the SC was smaller
than that without the SC within the same fault range. Considering this, an area ratio of commutation
failure probability that could cope with the shortcomings of CFPI was proposed. The flow-chart for
calculating the area ratio of commutation failure probability is shown in Figure 5.

L 

L

S S L L

L

Figure 5. Flow-chart of the area ratio of the commutation failure probability computing method.
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The detailed steps for calculating the area ratio of commutation failure probability are as follows:
(1) At the inverter end, the fault with a setting inductance value was applied to the AC busbar

and the initial fault time was set with the fault clearance duration.
(2) When no SC was considered, the commutation failure probability of the LCC-HVDC system

under a different fault inductance L was obtained. The fault inductance value was defined as Lno_sc,
under which the commutation failure probability of the LCC-HVDC system was exactly 0 %.

(3) Considering that SC was linked at the inverter end, the commutation failure probability of the
LCC-HVDC system under a different fault inductance L was obtained. The fault inductance value was
obtained as Lsc, under which the commutation failure probability of the LCC-HVDC reached 100%.
(When there were multiple SCs, the Lsc that could take in the maximum number of SCs was chosen).

(4) With the fault inductance L as abscissa and the commutation failure probability as ordinate,
the curve of commutation failure probability with and without SCs was formed as graphically
presented in Figure 6. The area between the commutation failure probability curve and horizontal axis
[Lsc, Lno_sc] was calculated. Finally, the area ratio of commutation failure probability was computed
by taking the ratio of area of commutation failure probability without SC (Sno_sc) to the area of
commutation failure probability with SC (Ssc), as analytically expressed in (1).

Area Ratio =
Ssc

Sno_sc
(1)

It was clear from Figure 6 that for the same fault level, the commutation failure probability of
LCC-HVDC with the SC was less than that of LCC-HVDC without the SC. Therefore, the calculated
area-ratio of commutation failure probability should be less than 1. A smaller value of area ratio
of commutation failure probability indicated a better effect of the SC in terms of suppressing the
commutation failure of the LCC-HVDC system.

L L

Figure 6. Schematic presentation of area of commutation failure probability with and without a SC.

4.3. Application and Validation of the Area Ratio of Commutation Failure Probability

In order to evaluate the suppression effect of the SC on the commutation failure of the LCC-HVDC
system within a fault range, and to verify the proposed area ratio of commutation failure probability
index under single-phase and three-phase inductive faults, the simulations were conducted when
considering different numbers of SCs and different short circuit ratios (SCRs) at the inverter side, based
on the electromagnetic transient model of the LCC-HVDC system with SCs.

The area of commutation failure probability in the three cases mentioned above were calculated
using complex trapezoidal formula as in (2) and (3):

S =
h
2
[ f (Lno_sc) + f (Lsc)] + h

n−1

∑
k=1

f (Lk) (2)
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Lk = Lsc + k ∗ h; (k = 1, 2 . . . . . . n − 1) (3)

where,

h: step change of fault inductance in the simulation;
Lk: fault inductance in [Lsc, Lno_sc] interval;
f (Lk): the commutation failure probability corresponding to the fault inductance Lk.
S: the area of commutation failure probability;
n: the total number of fault inductance level in [Lsc, Lno_sc];

The LCC-HVDC system was assumed to be operating at a rated nominal value (DC power = 1 p.u.,
DC voltage =1 p.u.). The short circuit ratios (SCRs) of the AC system at the rectifier and the inverter side
of the LCC-HVDC system were both set at 2.5. The curve for the commutation failure probability of the
LCC-HVDC system considering the three cases mentioned above during the single-phase inductive
fault with changing inductance level is depicted in Figure 7. It is obvious from Figure 7 that in Case 3
with two SCs at the inverter side, the commutation failure probability was 100% for the single-phase
fault with an inductance level of 0.25 H. Whereas in Case 2, the commutation failure probability was
100% for the fault inductance level of 0.35 H. Considering Case 1 without the SC, the commutation
failure probability was 0% for the single-phase inductive fault with a 0.97 H inductance value. Using
these values, the area ratio of commutation failure probability for the three cases under single-phase
inductive fault was calculated using Equations (1)–(3).

Figure 7. The probability of commutation failure (CF) in different cases under single phase to ground fault.

In order to indicate the severity of a single phase to ground fault, the minimum AC voltage RMS
values at LCC inverter side (without a SC) during the fault period, at different fault inductances, are
summarized in Table 2.

Table 2. The minimum AC voltage RMS values during the single phase to ground fault period.

Fault Inductance/H Minimum AC Voltage/p.u.

0.2 0.868
0.3 0.904
0.4 0.920
0.5 0.934
0.6 0.943
0.7 0.949
0.8 0.953
0.9 0.956
1.0 0.960

Figure 8 shows the curve built for the commutation failure probability of the LCC-HVDC system
under the three phase-ground inductive faults with an inductance range between 0.7 H and 1.4 H while
assuming the three cases. It could be depicted that with two SCs, the commutation failure probability
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was 100 % under a fault inductance level of 0.78 H. The commutation failure probability with one SC
(Case 2) was 100% for a fault inductance value of 0.91 H, whereas the commutation failure probability
without the SC was 0% for a fault inductance level of 1.28 H. Considering these values in the three
different cases, the area ratio of the commutation failure probability of the LCC-HVDC system under
three-phase fault was calculated by applying Equations (1)–(3).

Figure 8. The probability of commutation failure (CF) in different cases under three phase fault.

In order to indicate the severity of the three phases to ground fault, the minimum AC voltage RMS
values at the LCC inverter side (without a SC) during the fault period, at different fault inductances,
are summarized in Table 3.

Table 3. The minimum AC voltage RMS values during the three phase to ground fault periods.

Fault Inductance/H Minimum AC Voltage/p.u.

0.7 0.863
0.8 0.914
0.9 0.925
1.0 0.933
1.1 0.940
1.2 0.951

Table 4 summarizes the area of commutation failure probability and area ratio of commutation
failure probability of the LCC-HVDC system with and without the SC under single-phase and
three-phase inductive faults.

Table 4. Values of area of commutation failure probability and area ratio of commutation failure
probability under different types of faults.

Fault
Index Area of Commutation Failure Probability Area Ratio of Commutation Failure Probability

Case 1 (no SC) Case 2 (1 SC) Case 3 (2 SCs) Case 2 (1 SC) Case 3 (2 SCs)
Single phase 0.5949 0.4128 0.3117 0.6939 0.5240
Three phase 0.4348 0.2038 0.0470 0.4687 0.1081

Table 2 shows that when a single-phase fault was applied to the AC bus at the inverter side,
the area of commutation failure probability and the area ratio of commutation failure probability both
decreased continuously with the increasing number of SCs. The area ratio of commutation failure
probability was 0.6939 and 0.5240 with one SC (Case 2) and two SCs (Case 3), respectively, which
indicated an improvement in Case 3 as the area ratio of commutation failure probability was reduced
by 0.1699 compared to Case 2. Considering the three-phase fault, the area ratio of commutation failure
probability of the LCC-HVDC system with one SC at the inverter side was 0.4687. With two SCs linked
to the LCC-HVDC system (Case 3), the area ratio of commutation failure probability was 0.1081, which
by comparing with Case 2 revealed that an increasing number of SCs could effectively suppress the
commutation failure under the three-phase fault. Thus it could be clearly stated that the proposed area
ratio of commutation failure probability could comprehensively evaluate the effect of the SCs on the
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commutation failure of the LCC-HVDC system under various fault types. In addition, the proposed
index took into account various conditions of fault severities within a wider fault range, and was
not limited to a specific fault. Comparing with existing indices such as the CFPI, the proposed index
could quantitatively evaluate the impact of the SCs in suppressing the commutation failure of the
LCC-HVDC system in a comprehensive and easy way.

Under different system intensities indicated by the short circuit ratio (SCR), the effect of the
SCs on the ability of the LCC-HVDC system to resist commutation failure in a certain fault range
varied. Therefore, the single-phase to ground and the three-phase faults were applied respectively
at the inverter bus, then the area ratio of commutation failure probability was used to measure the
suppression effect of the SCs on commutation failure under different SCRs to obtain the results shown
in Figures 9 and 10, respectively.

 
Figure 9. Area ratio of commutation failure probability in different cases under single phase to
ground fault.

 
Figure 10. Area ratio of commutation failure probability in different cases under three phase fault.

It could be seen from Figure 9 that when a single-phase fault occurs at the AC bus of the inverter
side, the area ratio of commutation failure probability in Case 2 and Case 3 were 0.4487 and 0.2893
respectively when SCR equalled 2; the area ratio of commutation failure probability in Case 2 and Case 3
were 0.8481 and 0.7246, respectively, when SCR equalled 6. It could be seen from Figure 10 that when
the three-phase fault occured at the AC bus of the inverter side, the area ratio of commutation failure
probability in Case 2 and Case 3 were 0.2305 and 0.0465 respectively when SCR equalled 2, the area
ratio of commutation failure probability in Case 2 and Case 3 were 0.5786 and 0.2207, respectively,
when SCR equalled 6. Regardless of whether it was under the single phase to ground or three-phase
fault, the area ratio of the commutation failure probability of Case 3 was smaller than that of Case 2
under the same SCR, which indicated that an increasing number of SCs could improve the ability of
the LCC-HVDC system to suppress the commutation failure. The area ratio of commutation failure
probability in Case 3 and Case 2 increased with an increase in the short-circuit ratio, which showed that
with the increase of system strength, the enhancement effect of the anti-commutation failure ability
with SCs was weakened.
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5. Conclusions

In this paper, based on the CIGRE benchmark, an electromagnetic transient model of a
LCC-HVDC system with a synchronous condenser (SC) was developed in PSCAD/EMTDC. The area
ratio of commutation failure probability was proposed, and the effect of the SC on suppressing
the commutation failure of the LCC-HVDC system was quantitatively evaluated. The following
conclusions were drawn:

The introduced area of commutation failure probability was visually intuitive. The proposed area
ratio of commutation failure probability could comprehensively reflect the overall improvement effect
of the SC on the commutation failure of the LCC-HVDC system, while considering the severity of
different fault conditions. Making the assessment results more comprehensive could help in coping
with the inadequacies (shortcomings) of the existing commutation failure probability index that was
limited to evaluating only under specific faults.

Putting the SC at the inverter end of the LCC-HVDC system could enhance the support capability
of the AC system at the receiving end due to the shunting effect of transient reactance even under
a steady-state. Increasing the number of SC units, i.e., increasing the Mvar capacity of the SC to
be capable of providing a maximum surplus of reactive power during transient conditions could
significantly improve the commutation failure susceptibility of the LCC-HVDC system, especially in
weak AC systems.

The proposed index could provide a theoretical basis for the capacity allocation of SCs in real
world LCC-HVDC projects. Moreover, this index could also be used for evaluating the impact of
other types of dynamic reactive power compensators on the commutation failure probability of the
LCC-HVDC system during various AC disturbances.
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