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Abstract – This paper presents the design and dynamic analysis of a stand-alone microgrid with high 
penetration of renewable energy. The optimal sizing of various components in the microgrid is 
obtained considering two objectives: minimization of levelized cost of energy (LCOE) and 
maximization of renewable energy penetration. Integrating high renewable energy in stand-alone 
microgrid requires special considerations to assure stable dynamic performance, we therefore develop 
voltage and frequency control method by coordinating Battery Energy Storage System (BESS) and 
diesel generators. This approach was applied to the design and development of Gasa Island microgrid 
in South Korea. The microgrid consists of photovoltaic panels, wind turbines, lithium-ion batteries and 
diesel generators. The dynamic performance of the microgrid during different load and weather 
variations is verified by simulation studies.  Results from the real microgrid were then presented and 
discussed. Our approach to the design and control of microgrid will offer some lessons in future 
microgrid design. 
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1. Introduction 
 
In most islands, due to the constraints imposed by 

features of terrain and costs associated with cabling of an 
electric supply network, it is unlikely that these places will 
ever enjoy benefits of interconnections to the main electric 
grid [1]. Electricity has been therefore provided primarily 
by diesel generators. However, because of the volatility in 
fuel prices and pollutant emission, many islands around the 
world are shifting to more environmentally friendly and 
sustainable energy solutions.  

In recent years, there is an increase in the adoption of 
microgrids in islands [2]. The optimal design of microgrid 
has been reported using various performance models and 
optimization techniques [3]. In addition, various design 
software tools, like HOMER and iHoga, were developed. 
HOMER remains the most popular and is being widely 
used worldwide by both researchers and developers [4-5]. 

Most of the designs in the literature, including [6-13], do 
not consider dynamic performance as part of the design. 
This is an important consideration because stand-alone 
microgrids lack the voltage and frequency reference 
provided by the central grid. The dynamic performance 
becomes even more imperative in a stand-alone microgrid 
with high penetration of renewable energy. In these types 

of systems, voltage and frequency control method need to 
be developed in order to come up with a final design. 

The conventional approach to voltage and frequency 
control in a stand-alone microgrid is to use diesel 
generators to set the nominal system frequency and voltage 
[14]. Stability is achieved by using active power/frequency 
(p/f) and reactive power/voltage (q/v) droop control. This 
approach is adopted from the conventional power system 
and has some weakness in small stand-alone microgrids 
because they have low system inertia.  

Over the years, various methods of voltage and 
frequency control that does not depend on diesel generators 
were proposed. In [15-17], renewable energy sources 
(RESs) were used to control the system frequency. While 
this approach is attractive, economics dictates that energy 
from renewable sources should be fully utilized whenever 
available. 

Recently, there is a growing interest in the use of Battery 
Energy Storage System (BESS) for frequency and voltage 
control in islanded microgrid. This interest is in part due to 
the continuous decline in the price of BESS. Studies were 
conducted to demonstrate the effectiveness of this method 
[18-22], however, all the works we have surveyed in the 
literature are verified by simulation or laboratory prototype. 
In addition, no economic analysis was performed in other 
to justify the adoption of this approach. 

There are two challenges that must be addressed when 
using BESS for frequency control in standalone microgrid. 
First, its capacity should be large enough to work as the 
main source and an energy storage. Second, we need to 
confine its size due to its expensive installation and 
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maintenance costs. To deal with these ironical situations, 
we perform economic analysis for optimal size of BESS, 
diesel generators, and RESs. 

In this paper, we approach microgrid design in two 
phase: sizing/economic analysis and dynamic analysis. In 
the sizing/economic analysis phase, we simulate various 
cases using HOMER software, and then use multiple 
objectives to select the optimal design. In the dynamic 
analysis, we developed voltage and frequency control 
method by coordinating BESS and diesel generators and 
simulate the system dynamic response in MATLAB/ 
Simulink environments. 

Our approach to the design of microgrid is applied to 
Gasa Island microgrid constructed by Korea Electric Power 
Corporation (KEPCO). It is managed by automated energy 
management system (EMS), which tracks electricity use in 
real time, forecasts demand and channels power either to 
meet immediate demands or to store the surplus in the 
BESS. 

The rest of the paper is organized as follows: section two 
provides a brief overview of Gasa Island: its description, 
energy demand and available RESs. In section three, 
various case studies are simulated in other to find an 
optimal configuration that satisfies design objectives. To 
guarantee stability and investigate dynamic performance, 
voltage and frequency control method methods are 
developed in section four. Simulation and operation results 
are discussed in section five, and, finally, a conclusion is 
drawn in section six.  

 
 

2. Description and Energy Status of Gasa  
Island 

 
Gasa Island is located approximately 6 km southwest of 

the Korean Peninsula. It currently has a population of 286 
inhabitants in 168 households. Before the construction of 
the microgrid, the island is served by two 100 kW diesel 
generators operated in parallel during normal hours, and 
one additional standby generator. As of 2013, the average 
annual fuel consumption of the island is 285,000 L/year. 

 
Fig. 2. Monthly average GHI at Gasa Island 

 
Fig. 3. Monthly average wind speed at Gasa Island 

 
2.1 Analysis of renewable energy resources 

 
According to solar radiation data downloaded from the 

NASA Surface Meteorology and Solar Energy website, the 
annual average solar radiation for this location is 4.01 
kW/m²/day. Fig. 2 shows the monthly average global 
horizontal irradiance (GHI) over a one-year period. Annual 
average wind speed of Gasa Island is 6.07 m/s at 50 m 
above the sea level according to the database of NASA. Fig. 
3 shows the wind speed profile over a period of one-year. 

 
2.2 Analysis of demand  

 
When designing stand-alone microgrid, it is of 

fundamental importance to analyze the loads that will be 

 
Fig. 1. Photo of Gasa Island microgrid 
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connected to the microgrid and to estimate their temporal 
evolution. In Gasa Island, there are a school, a town hall, a 
lighthouse, and seaweed and fish farms in the island and 
the average loads is around 95 kW. The average load 
demand is 2,164 kWh/day and load factor is 0.48. Fig. 4 
illustrates averaged monthly load of Gasa Island used for 
optimal design study. 

 
 

3. Sizing and Economic Analysis Using HOMER 
 

3.1 HOMER software and input data 
 
HOMER (Hybrid Optimization of Multiple Energy 

Resources) is a microgrid analysis software originally 
developed at the U.S. National Renewable Energy 
Laboratory to simplify the task of designing microgrids. 
HOMER is now licensed to HOMER Energy. It models a 
power system’s physical behavior and its life-cycle cost, 
which is the total cost of installing and operating the 
system over its lifespan. It then allows users to compare 
many different design options based on their technical and 
economic merits [23]. HOMER performs three principal 
tasks: simulation, optimization, and sensitivity analysis. 

Tables 1 through 5 provide financial and component 
parameters needed to perform simulation and optimization 
in HOMER. Various configurations are simulated for a 
total project lifetime of 25 years. The results and discussion 
of this analysis are presented in the next section. 

 
3.2 Results of sizing and economic analysis 

 
We search for an optimal configuration of distributed 

energy resources that meet our design goal at the minimum 
cost. The design goal is the minimization of LCOE and 
maximization of renewable energy penetration (REP). 
LCOE is the average cost per kilowatt-hour of useful 
electrical energy produced by the system defined in [24] as: 
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s grid

C
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+
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where totC  is the total annualized cost, sE  is a total 

electrical energy that the microgrid served, and gridE  is 
the total electricity sold to the grid. REP is the fraction of 
the energy delivered to the load that originated from 
renewable power sources, it is defined in [24] as: 
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where nonrenE  is the non-renewable electrical production, 
and sE  is as defined before. Another parameter of 
importance to this study is battery autonomy (BA), which 
is defined as the time for which battery can support the 
load when all other energy sources are unavailable. It is a 
function of battery SoC, capacity, and load size. We derive 
the value of battery autonomy as:  
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Fig. 4. Average daily load profile of Gasa Island 

Table 1. Project financial parameters. 

Parameter Value Unit 
Nominal interest rate 4.50 % 

Real discount rate 3.26 % 
Inflation rate 1.20 % 

Project lifetime 25.0 years 
 

Table 2. Photovoltaic parameters 

Parameter Value Unit 
Capital cost 3,000 $/kW 

Replacement cost 2,500 $/kW 
O&M cost 10.00 $/kW/year 
Lifetime 25.0 years 

 
Table 3. Wind turbine parameters 

Parameter Value Unit 
Capital cost 500,000 $/100kW 

Replacement cost 400,000 $/100kW 
O&M cost 5,000 $/100kW/year 
Lifetime 20.0 years 

 
Table 4. BESS and PCS parameters 

Parameter Value Unit 
Capital cost 700 $/kW 

Replacement cost 500 $/kW 
O&M cost 10 $/kW/year 
Lifetime 10 years 

PCS capital cost 300 $/kW 
PCS replacement cost 300 $/kW 

PCS O&M cost 0 $/kW/year 
PCS lifetime 15 years 

 
Table 5. Diesel generator parameters 

Parameter Value Unit 
Capital cost 500 $/kW 

Replacement cost 500 $/kW 
O&M cost 0.05 $/kW/hour 
Lifetime 30,000 hours 
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where BA is battery autonomy in hours, bQ  is the nominal 
capacity of the battery bank (3 MWh), DOD is the depth of 
discharge (80 %), LE is the average electrical load (96 kW 
in Gasa Island), and bh  is battery discharge efficiency (set 
to 95 %).  

We modeled six different cases in HOMER and the 
results are presented in Table 6-8. Table 6 shows the 
optimal sizes of distributed energy resources (DER) of each 
case. The base case has only diesel generators, while other 
cases, with the exception of Case 6, has a combination of 
diesel generators and renewable energy components. Table 
7 presents performance simulation results. The LCOE of 
the base case (diesel-only system) is 0.558 $/kWh. As REP 
increases, LCOE decreases due to the displacement of 

diesel fuel by renewable energy, as shown in Case 2. In 
Case 3, the lowest LCOE is reached at 63 % REP. Higher 
REP requires more storage and the cost of this storage 
increases the LCOE modestly as shown in Fig. 5. This 
reduces the economic attractiveness of the microgrid while 
substantially reducing the fuel consumption, which in turn 
will reduce emission. Beyond Case 5, at REP of around 
94 %, LCOE surges sharply up to 0.73 in Case 6. This 
sudden rise is due to the bulk storage required to achieve 
100 % REP. As renewable penetration is increasing, battery 
autonomy is also increasing, while fuel consumption is 
decreasing, thereby subsequently reducing pollutant 
emissions, as shown in Table 8.  

 

Table 6. Optimal sizing results 

Case BESS (kWh) BESS PCS (kW) Photovoltaic (kW) Wind turbine (kW) Diesel generator (kW) 
Case 1 0 0 0 0 200 
Case 2 0 0 400 0 200 
Case 3 500 500 200 200 200 
Case 4 2,000 500 400 100 200 
Case 5 3,000 500 300 400 200 
Case 6 5,000 500 400 400 0 

 
Table 7. Performance simulation results 

Case LCOE ($/kWh) REP (%) Fuel consumption (L) Fuel consumption 
reduction (%) 

Battery autonomy 
(hours) 

Case 1 0.558 0 227,604 0 0 
Case 2 0.519 20 172,353 24.28 0 
Case 3 0.422 63 81,140 64.35 3.96 
Case 4 0.481 80 43,962 80.64 15.83 
Case 5 0.556 94 12,709 94.42 23.75 
Case 6 0.730 100 0 100 39.58 

 
Table 8. Pollutant emissions results (all in kg.) 

Case Carbon dioxide Carbon monoxide Unburned hydrocarbons Particulate matter Sulfur dioxide Nitrogen oxides 
Case 1 599,356.10 1,479.43 163.87 111.53 1,203.61 13,201.03 
Case 2 453,826.70 1,120.30 124.09 84.45 911.44 9,996.49 
Case 3 213,667.54 527.41 58.42 39.76 429.08 4,706.10 
Case 4 115,765.81 285.75 31.65 21.54 232.48 2,549.78 
Case 5 33,673.62 83.12 9.21 6.27 67.62 741.67 
Case 6 0 0 0 0 0 0 

 

 
Fig. 5. LCOE vs. renewable energy penetration 
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3.3 Selection of optimal configuration 
 
Case 1 is the base case, and LCOE of case 7 is 

unacceptably high and hence economically infeasible. The 
optimal case will, therefore, be chosen among case 2, 3, 4 
and 5. The configuration with the lowest LCOE and 
highest REP will be selected as optimal. However, these 
are usually conflicting objectives, as can be seen in the 
results of this study: Case 3 has the lowest LCOE of 0.422 
while Case 5 has the highest REP of 94 %. To choose 
between these cases, other benefits are considered, such as 
fuel consumption reduction, environmental effects, and 
battery autonomy.  

Case 5 is selected as optimal for the following reasons: 
Fuel consumption reduction of case 5 is 94.42 %, 
compared to other cases, it is 24.28 % for case 2, 64.35 % 
for case 3, and 80.64 % for case 4. Emission reduction is 
one of the main reasons for adopting microgrids in islands. 
Table 8 shows the results of pollutant emissions of all cases. 
We find out case 5 reduces the pollutant emissions by 94 %, 
which is greater than that of all other cases. As we have 
pointed out in the introduction, BESS will be used as the 
main source to control system frequency. Therefore, its 
capacity should be large enough to work both as the main 
source and as an energy storage. Case 5 has has 3 MWh 
battery capacity, with autonomy of 23.75 hours, which is 
higher compared to other cases, as shown in Table 7. 

 
 

4. Dynamic Performance Analysis 
 

4.1 Architecture of the gasa island microgrid 
 
Gasa Island microgrid employs modular distributed AC 

bus architecture on radial distribution lines. In this type of 
architecture, energy is supplied to the load from different 
points of the microgrid. These structures, even though 
provides flexibility in siting and expansion, causes the 
control to be more complicated than that of centralized 
architecture. Fig. 6 shows the location of the RESs in Gasa 
Island microgrid. The design goal of this microgrid is to 
replace diesel generators with RESs. Therefore, the power 
demand of the island can be fully supplied by eco-friendly 
RESs, and KEPCO can save the cost related to fuel 
consumption of diesel generators. The diesel generators 
operate only to maintain BESS SoC. Because the capacity 
of the BESS and its power conditioning system (PCS) is 
larger than diesel generators, it can be used as a master 
controller responsible for controlling voltage and frequency 
of the microgrid. Since the capacity of BESS is large 
enough, it can compensate the uncertainty and variation 
of the output of the RESs for a long time without diesel 
generators [24-25]. 

 
4.2 Voltage and frequency control methods 

 
In conventional power systems, the frequency is directly 

related to the rotational speed of generator rotor, as can be 
seen from the swing equation [26]. If the system inertia is 
low, which is typical for small stand-alone microgrid, the 
system frequency is vulnerable to load change. 

To avoid this problem, we used BESS to control system 
voltage and frequency instead of diesel generators. Fig. 7 
illustrates the proposed control concept. One of two PCSs 
operates as the master controller that is responsible to 
constantly control the system voltage and frequency, 
therefore it is operated as a constant voltage and constant 
frequency (CVCF) mode. Another PCS is installed as a 
backup device of the master PCS and it can also operate in 
real and reactive power control (P/Q) mode during an 
emergency like SoC control of the BESS. 

As discussed in the previous section, diesel generators 
turn on when the SoC of BESS is too low due to excessive 
discharge or during an emergency. The diesel generators 

 
Fig. 6. Locations of distributed energy resources at Gasa 

Island 
 

 
Fig. 7. Control concept of Gasa Island microgrid 
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use speed droop control with load frequency control (LFC). 
The LFC signal of the diesel generators is manipulated 
by the system-wide EMS. The EMS predicts the output 
of RESs and load demands and determines on/off of the 
diesel generators and their exact amount of power 
generation. Therefore, the EMS conducts the functions of 
unit commitment and economic dispatch. The goal of 
optimization of the EMS is to maintain the daily average of 
the BESS SoC at 50%. For better performance, the EMS 
need to be able to limit the output of RESs and control the 
load demands. 

 
4.3 Development of microgrid dynamic model 

 
Gasa Island microgrid consists of wind turbines, 

photovoltaic arrays, battery energy storage system, diesel 
generators, and power electronics converters as illustrated 
in Fig. 8. The microgrid and power system network is 
modeled in MATLAB/Simulink. The nominal system 
frequency and voltage are 60 Hz and 380 V (line-to-line) at 
the generation bus and 6.9 kV at the distribution lines, 
respectively. The distribution line is a type ACSR 160-mm², 
6.9-kV overhead cable. They are modeled as an equivalent 
circuit with inductance and resistance per-unit-length. 
The load is modeled as a combination of constant power 
load and dynamic load with a power factor of 0.9. The 
power electronics converters are modeled as two-level 
type average model. The inverter controllers provide the 
reference of three-phase sinusoidal voltages at the inverter 
terminal. We describe the modeling of all DER in the rest 
of this section. 

 
4.3.1 BESS and PCS models 

 
The lithium-ion battery dynamic model in reference [27] 

was used in this study. As discussed earlier, the BESS in 
Gasa Island has two operation modes: CVCF and P/Q 

control modes. The control circuit of the BESS PCS 
consists of phase locked loop (PLL), voltage controller, 
current controller, and pulse width modulation (PWM) 
reference signal generator [28]. The detailed functional 
block diagrams of BESS PCS controllers for the CVCF and 
P/Q mode are elaborated as the grid-forming and grid-
feeding controllers, respectively in [18]. 

 
4.3.2 Diesel generator model 

 
We model a diesel generator consisting of a synchronous 

machine, a turbine, a speed governor, and an exciter with 
an automatic voltage regulator (AVR) [29]. The turbine 
and the speed governor are models by a first-order transfer 
function. The governor controls the real power of the 
generator and system frequency with active power vs. 
frequency (P-f) droop characteristics. With this droop 
control concept, diesel generators can securely share the 
load variations with other generators with droop control. 
The AVR controls the reactive power and the terminal 
voltage of the generator by manipulating the field current. 
We used AC1A type AVR model and excitation model 
defined by IEEE Standard 421.1-2007 [30]. 

 
4.3.3 Photovoltaic system model 

 
In this paper, one-diode equivalent circuit model is used 

for the photovoltaic module, which uses a current source in 
parallel with a diode. This model offers a compromise 
between simplicity and accuracy [31]. It is modeled by the 
following equation  

 

 0
( )

exp s s
ph

cell sh

q V IR V IR
I I I

kT A R
é ùæ ö- +

= - -ê úç ÷
ê úè øë û

 (4) 

 
where I  is the PV output current (A), phI  is 
photocurrent (A), 0I  is the reverse saturation current (A), 

 
Fig. 8. Single-line diagram of electric circuit model of Gasa Island microgrid 
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q is the charge of electron (C), V is PV output voltage (V), 
sR  is series resistance (Ω), shR  is shunt resistance (Ω), k 

is Boltzmann’s constant (J/K), and A is the ideality factor. 
This model has been widely used by researchers [32-33]. 

 
4.4.4 Wind turbine model 

 
We modeled type-IV wind turbine (WT) that utilizes a 

permanent magnet synchronous generator model (PMSG), 
AC/DC/AC back-to-back converter model, and maximum 
power point tracking (MPPT) controller model for 
maximum wind energy capture [34].  

Because the wind speed fluctuates randomly, there are 
regulations on the output of WT system in the grid code. 
According to the grid code, the WT system must be able to 
limit the power output and ramp rate and have low-voltage-
ride-through (LVRT) capability. To meet this requirement, 
we implement a robust PLL scheme referred to as the 
Decoupled Double Synchronous Reference Frame PLL 
(DDSRF-PLL) proposed by [35] and fast fault detection 
method [36]. 

 
 

5. Field Test and Simulation Results 
 

5.1 Simulation results 
 
To verify the voltage and frequency control schemes of 

microgrid considering coordination of the BESS and diesel 
generators, we set up simulation model of the Gasa Island 
microgrid in MATLAB/Simulink. In normal operation, the 
BESS operates in CVCF mode. Therefore, it will instantly 
compensate load variation. Diesel generators serve as a 
backup generator to keep BESS SoC within the desired 
range. On top of it, during an abnormal condition when 
BESS cannot respond to load changes due to inadvertent 
faults or scheduled maintenance, diesel generators operate 
as the master source with P-f droop control mode.  

Three scenarios are simulated in this paper. Simulation 
scenario 1 examines the effectiveness of the CVCF control 
of the BESS during load changes. In simulation scenario 
2, the load was kept constant while power from PV and 
wind turbine changes abruptly. The effect of BESS trip is 
investigated in scenario 3. In scenario 3, we simulate 
conventional voltage and frequency control by diesel 
generators so that comparison can be made with the CVCF 
control of BESS adopted in this paper. 

 
5.1.1 Simulation scenario 1: Effects of load variation 

 
In this simulation scenario, the load varies abruptly 

while the renewable power from PV and wind turbine are 
kept constant. As shown in Fig. 9, at 15.0 s, the total load 
in the microgrid suddenly increases more than 20% from 
83 kW to 101 kW. The BESS operated in CVCF mode 
quickly responds to this change by increasing its output 
power from 11 kW to 29 kW. At 20.0 s, the load suddenly 

drops by 10 kW to 91 kW. Then, the BESS can also 
instantly respond by reducing its output power from 29 kW 
to 19 kW in order to balance the power change.  

The system frequency and voltage measured at the 
BESS connection point are shown in Fig. 9. It can be 
observed that both the system frequency and voltage can 
remain constant with small transients from the nominal 
values such as 60 Hz and 1.0 p.u., respectively during load 
changes. 

 
5.1.2 Simulation scenario 2: Effects of renewable energy 

fluctuation  
 
To ensure that the proposed scheme works well with 

renewable energy variation, we simulate variation of both 
wind speed and solar radiation while keeping the load 
constant at the average load of 90 kW. Solar radiation is 
decreased from 200 W/m² to 150 W/m² at 15.0 s and wind 
speed is increased from 6 m/s to 7 m/s at 20.0 s. 

As can be observed from Fig. 10, the active power of 
PV drops from 40 kW to 30 kW at 15.0 s. The BESS 
compensates this shortage by increasing its power output 
and therefore power balance of the microgrid can be 
maintained. At 20.0 s, wind turbines suffer sudden jumps in 
their total output power from 32 kW to 43 kW with an 
increase of 11 kW. This increase leads the BESS to 
decrease its active power by 11 kW. The system frequency 
and voltage measured at the BESS can remain constant at 

 
Fig. 9. Results for simulation scenario 1: (a) Active power 

of PV and WT, (b) Active power of BESS, diesel 
generator and load, (c) System frequency, (d) RMS 
output voltage of BESS 
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60 Hz and 1.0 p.u, respectively, as shown in Fig. 10.  
 

5.1.3 Simulation scenario 3: Tripping of BESS 
 
Since the BESS is the main component that controls the 

system voltage and frequency, its reliability and security 
are important. In this case, we simulate a scenario where 
BESS is unavailable due to unexpected faults or inevitable 
maintenance. Then, diesel generators must serve as the 
main power source by controlling the system frequency. In 
this case, real and reactive power mismatch can be 
compensated by autonomous parallel operation of diesel 
generators. However, the system frequency and voltage can 
suffer slight variation due to the characteristics of droop 
controls.  

The scenario is simulated as follows: in the beginning of 
the simulation, solar radiation and wind speed are 150 
W/m² and 5 m/s, respectively. One diesel generator is on 
and runs in droop mode by controlling the voltage and 
frequency. At 15.0 s, power output from PV suddenly drops 
and wind turbine power output increases at 20.0 s. We 
assume that the load demand is constant at 90 kW. Since 
the BESS is unavailable, the diesel generator will be 
responsible for compensating any power imbalance. In 
order to clearly demonstrate the performance comparison 
with the two previous scenarios, the load reference 
commands for the diesel generator are chosen so that the 

initial values of the system frequency and voltage are set to 
60.0 Hz and 1.0 p.u., respectively.  

Fig. 11 shows the simulation results of scenario 3. The 
system frequency and voltage are measured at the BESS 
connection point. As shown in Fig. 11, the microgrid can 
securely supply electric power to the loads under power 
variation of RESs. Other than the former two scenarios, we 
can observe more transients and variations in the system 
frequency and voltage but they can be maintained within 
acceptable regions, which is less than 0.2 Hz in this 
scenario.  

It is clear that scenarios 1 and 2, where BESS is the 
main source, can provide better quality performances in 
terms of frequency deviation and faster response to power 
imbalance.  

 
5.2 Field measurements from real-world microgrid 

installed in Gasa Island 
 
KEPCO has completed the construction of the microgrid 

system in Gasa Island in October 2014 and it has been in 
successful operation since then. Table 9 lists the 
specification of components in the microgrid. The design 
of the microgrid is consistent with our former result almost 
the same as case 5 in Table 6. The difference from case 5 is 
an additional 500 kVA BESS inverter for test purposes. PV 
panels are scattered over the island. Three diesel generators 

 
Fig. 10. Results for simulation scenario 2: (a) Active power 

of PV and WT; (b) Active power of BESS, diesel 
generator and load; (c) System frequency; (d) 
RMS output voltage of BESS 

 
Fig. 11. Results for simulation scenario 3: (a) Active power 

of PV and WT, (b) Active power of BESS, diesel 
generator and load, (c) System frequency, (d) RMS 
output voltage of BESS 
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had been already installed and energized the island before 
this microgrid project.  

Fig. 12 shows the site image of the central operating 
center of Gasa Island microgrid established near the BESS 
and diesel generators. The screens on the wall in Fig. 12 
shows the monitoring data and system conditions of 
EMS developed by KEPCO. The EMS includes multiple 
state-of-the-art functions for island microgrids such as 
renewable energy estimation, automatic source control 
for BESS, diesel generators and other energy resources, 
demand control for electric heaters, air conditioners, and 
fish farms. 

In order to prove the effectiveness of our control 
approach, we recorded and analyzed one-year operation 
data (from January to December 2015). The data include 
voltage, current, active power, reactive power, power 
factor, and system frequency. Fig. 13 shows 5-second 
windows of the test measurement data to see the effect of 
fast and short-term intermittency of renewable energy. The 
data was measured at 19:03pm on September 2, 2014. The 
sampling time of the graphs is 0.1 seconds. From Fig. 13 
(a) and (b), we can see the peak frequency deviation is 
within 5 mHz, and the peak deviation of 3-phase line-to-
neutral voltage is 0.002 p.u. The active and reactive power 
are shown in Fig.13 (c). In this measurement, three wind 
turbines are generating power and the load is around 90kW. 
The surplus power in the microgrid is charged to the BESS 
as shown in Fig. 13 (c). 

Fig. 14 demonstrates the measurement data for a 24-
hour period with a sampling time of 3 seconds. The data 
was measured from 00:00:00am to 23:59:59pm on January 8, 
2015. During this time, the load and renewable energy 
continuously vary throughout the day. The frequency and 
voltage peak deviation remain within 10 mHz and 0.02 
pu, respectively. Fig. 14 (c) shows active and reactive 
power balanced despite continuous variation of load and 
renewable energy throughout the day.  

Table 9. Specification of Gasa Island microgrid 

Category Quantity Description 

EMS 1 system 
Renewable energy estimation, 

Automatic source control, 
demand control 

BESS 
Inverter 

500kVA x 2 
250kVA x 1 CVCF control, PQ control 

BESS 3 MWh Life span: 4,000 cycle 

WT 100kW x 4 

PMSG with full-scale 
converter (Type-IV) with P 

limit control, LVRT, and 
power factor correction 

PV 314 kW total (incl. 
78/60/102/48/17/3/3/3kW) P limit control 

Diesel 
generator 100kW x 3 Droop control (installed 

already before the project) 
 

 
Fig. 12. Image of the microgrid operating center in Gasa 

Island  
 

 
Fig. 13. Measurement data at the BESS connection point in 

Gasa Island for 5 seconds from 19:00pm (sampling 
time=0.1 seconds): (a) system frequency in Hz, 
(b) 3-phase line-to-neutral voltages in p.u., (c) 
active and reactive power in kW and kVar 

 

 
Fig. 14. Measurement data at the BESS connection point in 

Gasa Island for 24 hours from 00:00 am (sampling 
time = 3 seconds): (a) system frequency in Hz, (b) 
3-phase line-to-neutral voltages in p.u., (c) active 
and reactive power in kW and kVar 
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6. Conclusion 
 
This paper presents the design and dynamic performance 

of KEPCO’s stand-alone microgrid in Gasa Island, South 
Korea. We use BESS to control the system frequency and 
voltage instead of the conventional approach of using 
synchronous generators. This makes the microgrid immune 
to mechanical inertia and the fast response of BESS to 
power imbalance results in better dynamic performance. 
This feature can permit high penetration of renewable 
energy and therefore reducing greenhouse gas emission. 
Despite these benefits, however, the drawback of this 
technique is the cost of BESS and power electronic 
devices. We addressed this issue by performing detailed 
sizing/economic analysis and come up with an optimal 
storage capacity. Our analysis shows that achieving 100% 
renewable energy penetration is not economically viable. 

The scheme was demonstrated and verified via dynamic 
simulation studies. We found out that with the current 
technology and economics of BESS, our approach cannot 
be applied to bigger stand-alone microgrids as the BESS 
cost will become infeasible. However, as we pointed out 
in the paper, this approach is more suitable for a small 
stand-alone microgrid like Gasa Island that has low system 
inertia and environmentally clean area. We discussed real 
operation results from the microgrid.  

According to a two-year operation, KEPCO expects to 
save diesel fuel consumption as much as 300,000 US 
dollars every year and tremendous reduction in greenhouse 
gas emission. In addition, the residents are satisfied with 
the improved quality of electricity. Learning from the 
successful Gasa Island initiative, South Korea is replicating 
the microgrid model and scaling it up on other bigger 
islands such as Ulleung Island. 
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