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Abstract: In this paper, we propose a microgrid (MG) implementation method through
Medium-Voltage Direct Current (MVDC) connection between Gapado Island and Marado Island in
Korea. MVDC is a facility that can be efficiently applied between small power generation complexes.
The structure of power generation facilities is mainly supplied by diesel generators, while solar and
wind power generators supply additional power. An Energy Storage System (ESS) is also used to
reduce the output fluctuations of wind and solar power generation. Since power systems in such
areas are low-voltage and low-power distribution systems, problems can arise in terms of power
management due to power generators with variable output characteristics such as solar power
and wind power generators. In addition, when a major power source such as a diesel generator
is dropped, the power system collapses. However, these problems can be solved by interchanging
the power between the micro-grids through the connection of MVDCs. With the MVDC connected,
we verify the impact of the power system on Marado Island and Gapado Island due to the input and
opening of solar, wind and diesel generators. The proposed configuration uses the PSCAD/EMTDC
simulation program.

Keywords: microgrid; MVDC connection; ESS; wind power; solar power

1. Introduction

Recently, microgrids using renewable energy sources have been actively constructed in island
areas where there are no commercial power connections to the rest of the world. In such areas,
diesel generators are used as the main power source, but there are many places where renewable energy
sources such as solar power and wind power are connected and operated. However, a renewable
energy source with high output fluctuation characteristics is disadvantageous in terms of power
management and efficiency. Because the power consumed in the islands is consumed in the residence,
except for some special areas, consumption patterns are almost constant.

However, renewable energy sources such as solar power or wind power cannot be generated
according to the load type of power consumption but depend on environmental factors such as solar
radiation and wind speed. Therefore, countermeasures are necessary for renewable energy sources to
serve as stable power sources. Among the facilities for this purpose, the energy storage device is now
the most popular.

Among the ESS, batteries are being used most often to mitigate the fluctuation of renewable
energy sources with the tendency that prices have recently been getting lower. In operating such a
power system, it is necessary to find a way to reduce the existing diesel power that is being operated
on each island and to use the output of renewable energy source as much as possible. In particular, it is

Energies 2019, 12, 187; doi:10.3390/en12010187 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
http://www.mdpi.com/1996-1073/12/1/187?type=check_update&version=1
http://dx.doi.org/10.3390/en12010187
http://www.mdpi.com/journal/energies


Energies 2019, 12, 187 2 of 22

difficult to stably operate the system by combining diesel and renewable energy sources in Marado
Island and Gapado Island with maximum power consumption of (240 and 300) kW, respectively.
In order to solve this problem, this paper proposes a method to stabilize the power system through
the complementary operation, in the case of power output problem, in each island, by linking it with
the MVDC model of power system of Gapado Island and Marado Island located in the south area
of South Korea. New technology has not been applied to MVDC system which still has the same
structure and operation characteristics as existing HVDC systems and only has a difference in voltage
level [1]. The MVDC system is the distribution voltage level (~several kV) and the HVDC system is
the transmission voltage level (hundreds of kV). Recently, MVDC system has been applied to large
ships and distribution power system [1,2]. We verify this through the results of the PSCAD/EMTDC
simulation program.

2. Proposed System for Gapado Island and Marado Island

2.1. Gapado Island Power Grid

Gapado Island is located 2.3 km south of Jejudo Island in South Korea. Figure 1 shows that the
power system of a Gapado Island consists of a 1 MVA Power Conversion System (PCS) with a 2 MWh
battery, and two of the three 150 KVA diesel generators operate at all times, with the remaining one in
reserve. The system consists of two 250 kW induction wind turbines, transformer, and power consumer
load for grid connection with renewable energy facilities, including 141 kW capacity photovoltaic
power generation facilities. Here, the cage induction type wind turbine and solar output are stored in
the battery, and supplied to the power load of the island. When the wind speed is low or when the
wind turbine is stopped, due to the failure of the wind turbine, the remaining capacity of the battery is
reduced due to the continuous discharge. In this case, the auxiliary diesel generator operates to store
power in the battery. The average power consumption of Gapado Island is 119 kW, and the maximum
power consumption is about 300 kW. The main power load consists of a small factory load and home
electrical load [3].Energies 2019, 12, x FOR PEER REVIEW 3 of 22 
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Figure 1. The existing Gapado Island Power Grid. 
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Figure 2. The Proposed Gapado Island Power Grid. 

2.2. Marado Island Power Grid 

Marado Island is located about 5.5 km south of Gapado Island. Two power plants with 150 kW 
capacity are used as the main power source as shown in Figure 3. There are two battery systems with 
a capacity of 600 kWh, and two solar power plants with a capacity of 75 kW for solar power output 
fluctuation mitigation and emergency power reserve. The maximum load power consumption is 
about 240 kW [7]. There are three major power loads on this island. The first is the main moving 
method, the electric cart, so charging electric power here is the biggest power load. Here, the 
consumption time of the electric power load is from evening to morning. The second is the electric 
power load on the catering business for tourists, which is the power load mainly consumed during 
the daytime when tourists stay. The third is the power load that is constantly consumed throughout 
the day as the normal home electric load. As a result, the power load pattern of Marado Island is 
constantly consumed. 

In this case, it is necessary to establish conditions that can supply electric power to the power 
system stably even in the case of dropout of diesel generator and emergency situation. Figure 3 shows 
a schematic of the existing Marado Island power grid. Currently, most diesel generators in the power 
system of this island have power supply, which can lead to a serious situation in which the entire 
power system is dropped when a fault occurs. Although a battery system is installed, it is currently 
not operating because of surplus power management and operational problems. 

Figure 1. The existing Gapado Island Power Grid.

The problem of the power system of Gapado Island is that the two grid-connected 250 kW squirrel
cage induction generator (SCIG) type wind turbine generators are concentrated in one area, and at the
same time, grid connection and the dropout of the two wind turbines, a serious problem to the stability
of the island power system. SCIG has the advantage of low cost and simple structure, but it has the
disadvantage that reactive power must be supplied from the grid during grid-connected operation.
This causes the voltage stability of the power system to deteriorate, so that it is rarely employed in a
standalone microgrid having a small system scale. In addition, as shown in Figure 1, the capacities
of the two SCIG type wind turbine installed on the islands are larger than the average power load
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capacities of the islands, and excessive starting currents cause system voltage fluctuations, resulting
in flicker [4]. In order to solve such a problem, a permanent magnet synchronous generator (PMSG)
which generates less inrush current due to initial startup is employed.

In addition, the existing 2 MWh capacity battery system performs active power control so as
to follow the variable power load in response to the regular output of the diesel generator installed
on the island. At this time, under the condition that the diesel generator is not operated, 1 MW PCS
can minimize the problems caused by existing system through Constant Voltage Constant Frequency
(CVCF) operation. Figure 2, shows that we propose a new microgrid configuration in which several
50 kW PMSG type wind turbines are distributed in order to minimize the influence of wind power
output [5,6].
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Figure 2. The Proposed Gapado Island Power Grid.

2.2. Marado Island Power Grid

Marado Island is located about 5.5 km south of Gapado Island. Two power plants with 150 kW
capacity are used as the main power source as shown in Figure 3. There are two battery systems with
a capacity of 600 kWh, and two solar power plants with a capacity of 75 kW for solar power output
fluctuation mitigation and emergency power reserve. The maximum load power consumption is about
240 kW [7]. There are three major power loads on this island. The first is the main moving method,
the electric cart, so charging electric power here is the biggest power load. Here, the consumption time
of the electric power load is from evening to morning. The second is the electric power load on the
catering business for tourists, which is the power load mainly consumed during the daytime when
tourists stay. The third is the power load that is constantly consumed throughout the day as the normal
home electric load. As a result, the power load pattern of Marado Island is constantly consumed.

In this case, it is necessary to establish conditions that can supply electric power to the power
system stably even in the case of dropout of diesel generator and emergency situation. Figure 3 shows
a schematic of the existing Marado Island power grid. Currently, most diesel generators in the power
system of this island have power supply, which can lead to a serious situation in which the entire
power system is dropped when a fault occurs. Although a battery system is installed, it is currently
not operating because of surplus power management and operational problems.
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Figure 3. The existing Marado Island Power Grid.

In order to solve these problems, a 1 MVA MVDC is connected to each island, so as to reduce
power dependency on the output of the diesel generator of Marado Island. The power generated
by utilizing the power generation is stored in the 1.2 MWh battery to stabilize the diesel output,
and surplus power is transmitted through the MVDC to the Gapado Island power system. Also,
when the power of the diesel generator installed on Marado Island is stopped and the power supply to
the island is insufficient, the output of the emergency generator installed in Gapado Island is supplied
to of Marado Island through the MVDC. At this time, we will propose a scheme that can be operated
as an optimal microgrid by changing the structure and control algorithm of the power facilities at
Gapado Island.

2.3. MVDC Control

The operation of the MVDC is proposed by defining the normal mode and the emergency mode.

• Normal mode: Control voltage and frequency through active and reactive power output control
of the grid.

• Emergency mode: If a diesel generator is dropped, it switches to CVCF mode and is forced
to control the reference voltage (6.9 kV) and frequency (60 Hz). The MVDC is commanded to
maintain maximum emergency mode until the diesel generator is able to operate normally.

Figure 4 shows A 1 MVA MVDC Link between Gapado Island and Marado Island. The Operation
Algorithm of the MVDC is the same as the Control Method of the Battery System Installed in the
Islands. The Diesel Generators Operated on Marado Island Have Active and Reactive Power Control
According to the System Conditions in Normal Mode [8].

Figure 5 shows a circuit diagram of the 1 MVA MVDC system. Here the converter system
exists on both sides with respect to the VDC. The Voltage sourced Converter also enables DC-Link
voltage control, AC output voltage control, and independent active and reactive power control,
respectively [9,10].
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The AC voltage of the MVDC system can be indicated as follows:

Vsj_k = Rij_k + L
dij_k

dt
+ Vtj_k (1)

where j is expressed as a three-phase component of voltage and current, and is j = a, b, c. K is MVDC1
and MVDC2 in Figure 5, and k = 1, 2; Vsj_k, Vtj_k and ij_k are the 3-phase voltage and current of
MVDC-k.; and R and L are the resistance and inductance of the system. Using Park’s transformation,
the AC voltage can be used as a dq-frame, as shown in Equations (2) and (3):

Vsd_k = Rid_k + L
did_k

dt
+ Vtd_k − ωLiq_k (2)

Vsq_k = Riq_k + L
diq_k

dt
+ Vtq_k + ωLid_k (3)
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where Vsd_k, Vsq_k, Vtd_k, Vtq_k, id_k, iq_k are the dq-axis component of the 3-phase voltage and the
current of MVDC-k. From Equations (2) and (3) the dq-axis component of the terminal voltage can be
used as follows:

Vtd_k = −Rid_k − L
did_k

dt
+ Vsd_k + ωLiq_k (4)

Vtq_k = −Riq_k − L
diq_k

dt
+ Vsq_k − ωLid_k (5)

The terminal voltage is determined by the AC current and when PI control is used, the current
control can be expressed as follows:

V∗
td_k = −

(
kp +

ki
s

)(
i∗d_k − id_k

)
+ Vsd_k + ωLiq_k (6)

V∗
tq_k = −

(
kp +

ki
s

)(
i∗qk

− iqk

)
+ Vsqk − ωLid_k (7)

where * is the reference value of the signal, and Equations (2) and (3) are expressed as a transfer
function using the Laplace transformation:

Vsd_k = Rid_k + sLid_k + V∗
td_k − ωLiq_k

− > id_k =
1

R + sL

(
Vsd_k − V∗

td_k + ωLiq_k

)
(8)

Vsq_k = Riq_k + sLiq_k + V∗
tq_k − ωLid_k

− > iq_k =
1

R + sL

(
Vsq_k − V∗

tq_k + ωLid_k

)
(9)

Figure 6 shows the current control. PI control follows current reference values, and the voltage
feed-forward conditions for current have been added to improve the control response [11–13].
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Assuming that DC-Link voltage control ignores the internal loss of MVDC systems, the power
balance expression is:

Pdc = −(P1 + P2) (10)
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where, Pdc is the power of the MVDC system on the DC side and is calculated as follows: [14,15]

Pdc = Vdc Idc =
Ceq

2
dV2

dc
dt

(11)

where, Ceq is like a Capacitance between MVDC 1 and 2. P1 and P2 are the active power of MVDC 1,
and 2, can be calculated as follows:

P1 =
3
2
(
Vsd_1id_1 + Vsq_1iq_1

)
(12)

P2 =
3
2
(
Vsd_2id_2 + Vsq_2iq_2

)
(13)

Equation (10) may be replaced by Equations (12) and (13), and calculated as follows:

Ceq

2
dV2

dc
dt

= −
[

3
2
(
Vsd_1id_1 + Vsq_1iq_1

)
+

3
2
(
Vsd_2id_2 + Vsq_2iq_2

)]
(14)

with vector control, the d-axis voltage component becomes zero and the amplitudes of the AC voltage
on both sides of the MVDC are equal Vsq_1 = Vsq_2. Equation (14) can therefore be rewritten as follows:

Ceq

2
dV2

dc
dt

= −3
2

Vsq_1
(
iq_1 + iq_2

)
(15)

The Q-axis reference current i∗q_1 and i∗q_2 are defined as follows:

i∗q_1 = −i∗p + i∗vdc (16)

i∗q_2 = i∗p + i∗vdc (17)

where, i∗p is the current corresponding to the active power exchange between AC systems 1 and 2,
and i∗vdc is the small effective current for DC-Link voltage regulation. The solutions to Equations (16)
and (17) are as follows:

iq_1 = −ip + ivdc (18)

iq_2 = ip + ivdc (19)

Equations (18) and (19) are replaced and rearranged in Equation (15), to give:

dV2
dc

dt
= −

6vsq_1

Ceq
ivdc (20)

DC-Link voltage control can be derived from Equation (20):

i∗vdc =

(
Kp +

Ki
s

)(
V∗2

dc − V2
dc

)
(21)

When considering V2
dc as a variable of state, Equation (20) can be rewritten in the Laplace domain

as Equation (22):

V2
dc = −

6vsq_1

sCeq
ivdc (22)

Equation (22) relates to the DC-Link voltage and current components. MVDC 1 controls DC-Link
voltage, and Figure 7 shows the control diagram of DC-Link voltage:
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The active and reactive power sources of the MVDC system can be expressed as Equations (23)
and (24):

Pk =
3
2

(
Vsq_kiq_k

)
≈ 3

2

(
Vsq_kip

)
(23)

Qk = −3
2

(
Vsq_kid_k

)
(24)

where, Pk and Qk are the active and reactive power sources of MVDC-k. Close loop control is applied to
the power controller to monitor the output power of the converter system. Therefore, from Equations
(23) and (24), the dq axis current control equation for controlling the active power and reactive power
of the PCS using the PI controller is expressed by Equations (25) and (26):

i∗p =

(
Kp +

Ki
s

)
(P∗

k − Pk) (25)

i∗d_k =

(
Kp +

Ki
s

)
(Q∗

k − Qk) (26)

AC voltage control supplies grid voltage and is executed at MVDC-k control. From Figure 6,
the voltage drop of the reactance RL is expressed by Equation (27):

∆vk = vs_k − vt_k =
RPk + XQk

vs_k
+ j

XPk − RQk
vs_k

(27)

In Equation (27) the imaginary part is very small compared to the real part, and most power
systems are X � R. Voltage drop is rearranged to Equation (28):

Qk ≈
vs∆vk

X
(28)

The AC voltage is proportional to the reactive power, and voltage control is expressed
by Equation (29):

Q∗
k =

(
Kp +

Ki
s

)(
v∗rms_k − vrms_k

)
(29)

The output signal of the voltage control is the reference value of the reactive power. According to
the reference value of the voltage, MVDC-k exchanges the grid with the reactive power. Therefore,
the proposed Marado Island and Gapado Island schematic is constructed as shown in Figure 8.
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3. Simulation Results

The existing power system of Gapado and Marado Islands and the proposed power grid of each
islands were modeled using the PSCAD/EMTDC simulation program. Simulation results show the
operation characteristics of the transient state compared with those of the existing system and the
proposed system.

3.1. Simulation of the Existing Power System in Marado Island and Gapado Island

3.1.1. Marado Island Power Grid

The island power system consists of two 120 kW diesel generators and one 1.2 MWh battery
system. Because the maximum power load is 240 kW, the power load model has three 80 kW capacity.
The computer analysis analyzes the voltage, current, frequency and power changes of Marado Island
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power system due to steady state operation and the simultaneous drop of two diesel generators.
In addition, since the PV power generation is not actually operating, it is excluded from the parameter
of the dropout condition.

• Steady State

Figure 9a–c show the Marado Island grid waveform at steady state. Table 1 shows the criteria for
normal conditions:
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Table 1. Marado Island Grid Parameters.

Parameters Voltage (kVrms) Reactive (kvar) Active (kW) Frequency (Hz)

Grid 6.78 6.63 231 60
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The nominal grid voltage of Marado Island is 6.9 kV, but it drops to 6.78 kV due to transformer
and other line losses when active power is generated in the diesel generator and supplied to the
power grid.

• Diesel generator outage

Figure 10 shows the simulation results of the power grid when two diesel generators are
disconnected. The diesel generator, which is the power supply of the power grid, is eliminated,
the active power and the voltage supplied to the load side are lost, and the frequency is suddenly
dropped to completely collapse the power system. Although there is a battery facility, it cannot cope
with the dropout of the power system because it carries out follow-up control according to the active
power output of the diesel generator.
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3.1.2. Gapado Island Power Grid

The Gapado Island power grid consists of three 150 kW capacity (one in reserve), a 1 MW PCS
with a 2 MWh battery, two SCIG wind turbines with a capacity of 250 kW, and a 141 kW capacity
photovoltaic power generation facility. In addition, since the power load has a maximum of 300 kW,
corresponding to this, the load model has three resistive capacities of 100 kW. Diesel generators make
a relatively small contribution to the power supply because they already have power systems operated
by ESS, and solar and wind power generators.

• Steady State

Figure 11a–c show the grid waveforms at steady-state. The criteria for normal conditions are
assumed to be the same as in Table 2:
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Table 2. Marado Island Power Grid Parameters.

Parameters Voltage (kVrms) Reactive (kvar) Active (kW) Frequency (Hz)

Grid 6.7 7.394 283 60

The nominal grid voltage of Gapado Island is 6.9 kV, but it drops to 6.7 kV due to transformer and
other line losses when active power is generated in the diesel generator and supplied to the power grid.

3.2. Interpreting the Proposed Microgrid Computer

3.2.1. The Marado Island Power Grid

This has the same structure as the current power grid, because it aimeds to maintain the existing
power system as much as possible and to operate it optimally. In addition, the already installed 150 kW
photovoltaic system is operated irrespective of the power system situation. In this case, when the
generated power is surplus or insufficient, the power system is maintained by supplying or receiving
the power with the MVDC. Section 3.2.3 shows the related simulation results.

3.2.2. The Gapado Island Power Grid

Figure 12a–d show the simulation results using the proposed power system of Gapado Island.
When the two diesel generators installed on Gapado Island drop out, the 1 MW PCS with a 2 MWh
battery is switched to emergency mode in normal mode by applying the same method as MVDC
operation to prevent power system shutdown on the island. As shown in Figure 12a, the active power
output of the two diesel generators is 150 kW each. It has a 1 MW PCS with a 2 MWh battery and
controls the active power output of the diesel generator in normal mode, so it supplies a certain
amount of active power to the system. In this case, when two diesel generators are dropped out at the
same time, the diesel generator # 5 and 1 MW PCS with a 2 MWh are operated as shown in Figure 12b.
MVDC operation mode is switched to emergency mode, and is controlled by CVCF mode. As shown
in Figure 12c,d, the voltage and frequency of the power grid are reduced to 57 Hz at the moment of
interruption, but the power system is restored to its normal state quickly without collapse.
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results of Gapado Island when under diesel generator dropout.

Figure 12a, shows that the active power of the two diesel generators is 150 kW each. This is
because the active power of the diesel generator is controlled in 1 MW PCS with a 2 MWh battery.
When two diesel generators are dropped out, the diesel generator # 5 and the 1 MW PCS with a 2 MWh
battery are operated, and the system is switched to the emergency mode and operated by CVCF,
which controls the voltage and frequency of the power system (Figure 12b). As a result, the voltage
and frequency of the power grid drop to 4 kV and 57 Hz, respectively. But it can be confirmed that the
power system is restored to its normal state quickly without collapsing.
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3.2.3. Microgrid According to the Proposed MVDC Links

In order to verify the validity of the proposed microgrid in the MVDC connection between
Gapado Island and Marado Island, computer simulations are carried out according to the following
three scenarios and the results are discussed.

Scenario 1: PV penetration in Marado Island and Gapado Island

Figure 13 shows the output characteristics of the Marado grid and diesel generator according to
the 150 kW PV output. Figure 13a shows that the 150 kW PV installed on Marado Island is supplying
the maximum power to the power grid. Figure 13b shows that the output of the two diesel generators
operated at this time decreases the output of the diesel generator as much as the PV penetration.
Figure 13c shows the state of active power, voltage, and frequency in the power grid of Marado Island.
It can be seen that the frequency of the power grid temporarily rises to 60.6 Hz instantaneously at the
moment of PV penetration, but returns to steady state quickly. Figure 13d shows that the maximum
power of the PV and operating on Marado Island does not affect the power grid of Gapado Island.
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Figure 14a shows that the 141 kW PV installed in Gapado Island is supplying the maximum
power to the power grid. Figure 14b shows that the output of the two diesel generators operated at
this time decreases the output of the diesel generator as much as the PV penetration. Figure 14c shows
the state of active power, voltage, and frequency in the power grid of Marado Island. It can be seen
that the frequency of the power grid temporarily rises to 60.3 Hz instantaneously at the moment of PV
penetration, but returns to the steady state quickly. Figure 14d shows that the maximum power of the
PV and operating on Gapado Island does not affect the power grid of Marado Island.
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Scenario 2: Penetration of wind power generation on Gapado Island

Figure 15a shows the output of total wind power generation on Gapado Island. Figure 15b shows
that the power output of diesel generators decreases according to the output of the wind turbines. As a
result, it is possible to estimate the power quality of the Gapado Island grid as shown in Figure 15c.
At the moment of penetration of the wind generator, the frequency of the grid rises to 60.8 Hz per
second but quickly returns to normal. Figure 15d shows that the wind generator in Gapado Island has
no effect on the Marado Island grid at full power.

Scenario 3: Marado Diesel Generator Outage

Figure 16a shows a waveform in which two diesel generators suddenly dropout when a diesel
generator in Marado Island is supplying power to the power grid. At this time, the MVDC changes
from normal mode to emergency mode, confirming that the active power, voltage, and frequency
(59~61 Hz) of the power grid are quickly returned to the normal state (Figure 16b). Figure 16c shows
the state of the active power, voltage, and frequency of the grid on Gapado Island due to diesel
generator shutdown on Marado Island. At this time, the MVDC is switched from normal mode to
emergency mode. It can be seen that voltage and frequency fluctuations have occurred but return to
normal steady state. Figure 16c also shows that there is no change in the power system of Gapado
Island due to the diesel generator shutdown on Marado Island [16].
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4. Conclusions

In this paper, we propose a stand-alone microgrid scheme that can stabilize the power system
of the two islands by connecting MVDC between Gapado Island and Marado Island in South
Korea. To verify the validity of the proposed scheme, computer simulation was carried out with
the PSCAD/EMTDC program. The results are as follows:

(1) A stand-alone microgrid with a small-scale power system, is composed mostly of renewable
generation facilities such as solar, wind power, and diesel generator. In this configuration,
it can be confirmed that the system can be operated more stability than the existing operation
scheme when the system is operated by spreading two islands with small system capacity with
the MVDC.

(2) It can be confirmed that the collapse of the power system can be prevented even when the
renewable energy source or the main power source is penetrated or removed.

(3) It is expected that if the isolated island adjacent to a large power system is operated in conjunction
with MVDC, it will not only expand the penetration of distributed generation sources such as
renewable energy, but also contribute to the stabilization of the power system.
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