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Abstract—This paper presents modeling and impact analysis
of wind farms in Jeju island power system, which is made of
wind farms, a current source-type high-voltage, direct current
(HVDC) system, and thermal power plants. In this paper, four
kinds of major components are modeled: a total of 88 MW wind
farms, a 300 MW HVDC system, thermal power plants, and the
Jeju power system load. To analyze the impact of the wind power
generation to the Jeju power system, simulation is carried out
for two case studies by using the PSCAD/EMTDC program.
One is for the steady-state operation under different wind speed,
and the other is for the transient-state operation when all wind
farms are disconnected suddenly from the Jeju power grid due to
the wind speed higher than the rated value. These comparative
studies have been effective in accessing the impact of wind power
generation on the Jeju island power system stability.

Index Terms—Power quality, PSCAD/EMTDC, wind power
generation.

1. INTRODUCTION

N RECENT years, the wind power generation has become

a very attractive utilization of renewable energy because it
is now possible to improve the capability of capturing wind
energy with the development of advanced power electronics
technology. It has been a trend in wind power generation
to combine a number of large-scale wind turbine generation
systems (WTGS) and build a grid-connected wind farm [1],
[2]. The location for a wind farm is usually determined by
the wind speed, and therefore the wind farm is concentrated
in specific areas. The wind in Jeju island is the strongest in
Korea and the island has the best condition for wind power
generation [3], [4]. The annual wind speed in the east and
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west coasts of the island is about 7-8 m/s, which is the reason
why many companies are investing to construct wind farms in
these areas [5]-[7].

However, there are some constraints on penetration of wind
power generation to the Jeju power system due to the wind
velocity distribution and weak power load. First of all, total
power generation capacity in Jeju island including import
through the high-voltage, direct current (HVDC) system from
the mainland Korea is only about 730 MW, and the installed
capacity of the wind power generation should be limited to
guarantee the power system stability. In 2010, a total capacity
of 88 MW wind power generation systems was under operation
and about a total of 412 MW systems including off-shore wind
farms will be supplemented by 2020 in Jeju island. Therefore,
how much capacity of wind farm is acceptable without any
harmful effects on the stability of the Jeju power system is
one of the important issues. It was recommended strongly that
the impact of wind power generation to the Jeju power grid be
analyzed before penetrating more wind farms to the grid [8].

In this paper, two kinds of simulations are carried out
for the analysis of the impact of wind farms by using the
PSCAD/EMTDC program, which is widely favored tool for
analysis of power system involving power electronics devices
[9], [10]. One is the steady-state operation under different
wind speed, and the other is the transient-state operation when
all wind farms in the island are disconnected suddenly from
the Jeju power grid due to the wind speed higher than the
rated value. It is very useful to analyze the variation of grid
voltage and frequency under the transient state to understand
the impact of wind power generation in Jeju island power
system.

This paper is organized as follows. The characteristics of
Jeju power system and wind data are presented in Section II,
modeling and simulation of Jeju system and wind turbine are
given in Section III along with the discussion of the results,
and conclusions are drawn in Section IV.

II. CHARACTERISTICS OF POWER SYSTEM AND WIND
VELOCITY IN JEJU ISALND

A. Power System in Jeju Island

Although small, the power system in Jeju island has many
kinds of power system components, including thermal power
plants, transmission and distribution networks, HVDC, and
renewable energy systems. It shows that the probability of

1932-8184/$26.00 (© 2011 IEEE



KIM et al.: IMPACT ANALYSIS OF WIND FARMS IN THE JEJU ISLAND POWER SYSTEM 135

Fig. 1.

Wind map of Jeju island.

electric fault is high and will be increased as the use of
renewable energy sources is increased, debasing power system
stability in the island. On the contrary, the rate of annual
load increase is about 8-9%, which is faster than that of the
mainland Korea. As the island is to become an international
free-trade zone, the need for reliable supply of electricity is
increasing. Not only the supply of energy but also the quality
of power is becoming an important issue to meet the expec-
tation of international standard in building the infrastructures.
Therefore, the expansion of generation facilities is an essential
requirement for securing power system stability and reliability
in Jeju island. Furthermore, since the island is located in a
hurricane path and it is known to have frequent lightening,
there has been frequent contingencies on the system, which is
heavily dependent on the HVDC tie from the mainland Korea
and sporadic intermittent generation from small wind farms
located in the east and west coasts of the island. The total
installed capacity of Jeju island in 2010 is 730 MW, which
includes 150 MW import through the HVDC system from the
mainland. The power transfer through the HVDC is about 40%
of the minimum load demand, which is almost 335 MW in
2010.

B. Wind Characteristics of Jeju Island

Fig. 1 shows the wind distribution map of Jeju island.
Considering the map, the mean wind speed in the east and
west coasts is almost 6-8 m/s, while in the north and south it
is 4—6 m/s, implying that the east and west coasts have better
condition for wind power generation than the north or south
coasts. Recently, there have been many wind farms under
construction in the east and west coasts and about 88 MW
systems are installed cumulatively.

III. MODELING AND SIMULATION

To verify the feasibility of increased penetration of wind
energy, computer simulations have been carried out with a
1.5MW NEGMICON WTGS, named NM72C, and Vestas
Vo0 3MW DFIG system, the current source type HVDC
system, and thermal power plants including diesel engines and
steam turbine generators; and, Jeju power grid load are also
modeled in the simulation [11], [12].

BRK

3.0 [MVA]
23 [kV]/ 0.6 [kV] =1
#1342 |
hd
— 0.2 Mvar

f = ER

G=-1.038 | cokup table
T=0.01

-E.Z Mvar
=

TIME

Fig. 2. WTGS model.
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Fig. 3. Power performance curve of the WTGS system.

A. Wind Turbine Modeling

Fig. 2 shows the modeling scheme of the WTGS in the
PSCAD program.

In the process of modeling the WTGS, it is very difficult to
know all of the model parameters because the WTGS is a very
complex system composed of many mechanical, electrical, and
aerodynamic systems. Therefore, experiments were performed
to model the system using the input and output data, where
input being the wind speed and the output being the power
output, resulting in the power performance curve. Using the
real output data of a WTGS unit located in HanGeong wind
farm installed in 2006 in the western Jeju island, the power
performance curve was obtained and was made into a look-
up table. In the look-up table, the increment in wind speed is
0.1 m/s, and output data is the mean value, which is derived
from more than 15 data points sampled at different wind
speeds.

Fig. 3 shows the simulation results of the model system and
the real mean power output measured from January 2007 to
February 2007 in HanGeong wind farm. In the figure, P, and
Q. represent the real active and reactive power of the WTGS,
respectively, and Py and Qs are the corresponding simula-
tion results using the PSCAD/EMTDC program. Comparing
the two results, the simulation model of WTGS is good to be
used for power system analysis.

B. Power System Modeling of Jeju Island

Fig. 4 shows the PSCAD/EMTDC model of Jeju island
power system. There are five types of components: thermal
power plants, HVDC system, wind farms, transmission lines,
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Fig. 4. PSCAD model of Jeju island power system.
TABLE I TABLE II
PARAMETERS OF POWER PLANTS PARAMETERS OF HVDC SYSTEM
Ju_40 MW Ju_79 MW NJ1_100 MW HVDC Synchronous
NJ2_100 MW Condenser
Type ' Diesel Turbine | Steam Turbine | Steam Turbine Type Current Source | Gas Turbine
Povzlf/rwr;‘)““g 40 79 100 Power rating 300 MW 70 MVA
H 6.71 6.90 5.93 (MW*IS{/MVA) - 186
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7 oo T — 11.3
P K
Open circuit | Tds 7o 27 0 (e consant | T - 0.05
time constant | T, 0.087 0.047 0.046 (s) ff" :
® T, 0.067 0.127 0.093 g0 - 31

and the loads. On the assumption of 335 MW base load in
Jeju island, the supply of electric power is from three kinds of
power generation systems: thermal power plant composed of
a 40 MW diesel engine, one 79 MW and two 100 MW steam
turbine generation systems, the HVDC system supplying the
power from 40 MW to 150 MW in frequency control mode,
and wind farms located in seven different sites supplying
power up to the maximum of 88 MW under variable wind
speed. The system parameters for thermal plants and the
HVDC system are listed in Tables I and II.

In the actual power system of Jeju island, it is possible
to supply nearly 150 MW by the HVDC system during the
constant power control mode. But, in the frequency control
mode, the power supply capacity is from 40 MW to 150 MW
depending on the load and power generation.

C. Simulation Results and Discussion

In Fig. 4, it is assumed that there are seven wind farms
with 1.5MW, 6 MW, 10 MW, 10.5 MW, 20 MW, 15 MW, and
33 MW power ratings, and all of these systems generate power
according to the variable wind speed with the mean value of
10 m/s. It is assumed that the base load is rated at 335 MW, and
the ratio of power supply is about 170 MW from thermal power
plants versus 150 MW from the HVDC operating in frequency
control mode. This implies that the HVDC system can absorb
the output variation of the intermittent wind power generation
due to variable wind speed. This simulation will be very useful
for ensuring the stability of Jeju island power system while
increasing the penetration of wind power generation.

To verify the effectiveness of proposed modeling system,
four different variable wind velocities for different wind farms
are used as shown in Fig. 5. Figs. 6 and 7, respectively, show
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Fig. 5. Wind velocities in wind farms.
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Fig. 6. Active power outputs of wind farms.

the active and reactive power outputs of wind farms shown in
Fig. 4. It is shown that the output of wind farms follow the
variable wind speed very closely.

To analyze the transient characteristics of voltage and fre-
quency in Jeju island power system, all wind farms were
shut down at 23.4s when the wind speed exceeded the rated
speed. In Figs. 6 and 7, the total active output power of wind
generation is changed from about 88 MW to 0 and the reactive
power from —2MVAR to 0.

When the wind farms were dropped, thermal power plant
and the HVDC system responded immediately to cover the
loss of wind power generation. Fig. 8 shows the active and
reactive output powers of each thermal power plant. In the
top figure, the active outputs of the two 100 MW steam turbine
engines have the same performance due to parallel operation;
thus, simulation results are overlapped and shown as one line.
The bottom figure shows that the total thermal power, Jeju
Plant_P, is equal to the total amount of the active power. In
the figure, 40 MW diesel engine which has the 6.71 s response
time generates the oscillating power ripple of +5% of the rated
value. Both of the 100 MW steam-turbine generators which
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Fig. 8. Power outputs of thermal power plants.
have the 5.93s response time have faster response than the
79 MW steam-turbine generator, which as 6.9 s response time.

The values of the peak to peak ripple in Fig. 8 are about
2, 11, and 15MW for 40, 75, and 100 MW generators,
respectively.

In summary, the active and reactive output variations of
all of the thermal power plants, wind farms, and the HVDC
system are shown in Fig. 9. When the wind farm is tripped,
the system frequency drops instantaneously and thermal plants
respond immediately due to the governor response, followed
by the HVDC picking up the balance of the load. Since the
HVDC is coupled to a synchronous condenser with slow dy-
namics to supply reactive power, the HVDC system responds
at a slower rate. As the HVDC system picks up the balance
of the load, the thermal plants reduce generation and return to
the scheduled set points with slight negative swing.

The total power output of the thermal power plants in steady
state experiences very little effect resulting from the loss of
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Fig. 10. Voltage and frequency in transmission lines.

wind power output, except during the transient period at 23.4 s.
According to this simulation, the variation of wind power
generation can be absorbed by the HVDC system, and thus
the HVDC system will play an important role in ensuring the
stability of Jeju island power system.

Fig. 10 shows the characteristics of voltage and frequency
in transmission lines TL6 and TLS8, which are linked to the
SeongSan substation (S/S) in the east coast. In the simulation
results, the frequency is almost constant except from 23.4 s to
26.3s, at which time, the value of frequency drop is 0.5 Hz
during the transient period.

In the transmission line, the variation of voltage magnitude
has small ripple due to the variation of wind power generation
and the oscillation of thermal power plant outputs. During
the steady state, the variation of voltage magnitude is below
0.01 per-unit (pu). But, during the transient period, the voltage
drop is about 0.08 pu for 2.9s. This implies that the sudden
change in wind power generation affects the power quality in
the transmission system.

IEEE SYSTEMS JOURNAL, VOL. 6, NO. 1, MARCH 2012

P.Q.Vrms and Frequency in SeonaSan S/S

200 =SS_Load P =SS Loadt P
15.0
10.0
% 5 O--_/J\I\,
0.0
5.0
61 00_- SS_Load1_Freq =SS Load Freq
60.75-
60.50-
60.25
N 60.00
I 5975
59 50
5925
59.00-
100.=SS_Load Q =SS Load1 Q
7.5
x 504
< 25
E e I, E—
254
504
1100+ =SS Load Vrms = SS Load1 Vims
1.075
1.050
i
> 0975 e
0.950-
0.925-
0900
sec
200 225 25.0 275 300 32.5 350
Fig. 11. Voltage and frequency at the load.

Fig. 11 shows the characteristics of voltage and frequency in
the load connected to SeongSan S/S under the same condition
as in Fig. 10. The characteristics of the simulation results are
almost the same. But the value of frequency drop in the load
is larger than that of the transmission line. According to this
result, it is verified that the impact of wind farms on power
quality is more severe in the distribution system than in the
transmission system.

IV. CONCLUSION

Modeling and impact analysis of wind farms in the Jeju is-
land power system, consisting of thermal power plants, HVDC
system, and seven wind farms, have been performed under
variable wind speed using the PSCAD/EMTDC program.

In the simulation study, it has been shown that the variable
power generation of intermittent wind farms has effects on
the active and reactive power generation of thermal plants
in steady state. In transient state, when the wind farms were
shut down due to high wind gust, the HVDC system was able
to pick up the power lost from the wind farms, and yet not
affecting the thermal plants in steady state. Since wind farms
are connected in the distribution system, the loss of wind farms
affected the power quality in the distribution system the most,
in both frequency and voltage magnitude.
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