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SUMMARY

Nowadays, to cope with the rapid exhaustion of the earth’s fossil fuel
resources and the climate change, the renewable energies have been
researched in many countries such as wind energy, solar energy, tidal energy
and so on. Especially, wind energy is the most significant renewable energy
because of its capacity and friendly environment. With the development of
advanced technologies, the wind turbine has been increasing in the capacity.

Wind power has been given much weight in the electrical energy every
yvear. But wind power systems may cause problems to system operation such
as power fluctuation, frequency variation, voltage variation, and grid
instability. Hence, wind farm can be no longer considered as a stable energy
source.

In the Jeju Island, wind power system is one of the main renewable energy
source because wind speed is most strong in Korea. The total wind power
capacity is almost 106 MW among 852 MW of Jeju power system in 2012.
This power will be increased in the future when new wind farms are
installed. The Jeju power system is considered as a weak-grid, thus it needs
a support from other sources. Two LCC(Line Commutated Converter)-
HVDC(High Voltage Direct Current) systems have built to connect between
mainland and the Jeju power grid network (HVDC #1: 150 MW and HVDC
#2: 250MW). The aims of LCC-HVDC systems are to supply the electrical
energy and to make a stabilization in the Jeju power system. However, the
Jeju power system will be able to be also in dangerous situation, such as
frequency fluctuation, in case of maintenance or breakdown of HVDC
systems. Therefore, a separated energy source should be connected to wind

farm when a fault occurs.



Many methods have been researched in literature to solve this problem. An
ESS(Energy Storage System) using lithium ion battery is also one of the
effective methods to stabilize the fluctuation of wind power system.

Advanced battery technologies now allow extraordinary energy densities,
but it is still insufficient for applications of large power impulses. Especially,
in case of the fluctuation in wind power system, it requires a high power
density in very short duration.

This deficiency can be overcome by paralleling more batteries if that is
allowed by system volume, weight, and cost constraints. On the other hand, a
hybrid ESS-EDLC(Electric double layer capacitor) can solve the power
deficiency at lower cost, space, and weight. Even though lithium-ion battery
has high energy density, EDLC has much more energy density than former
battery. The advantages of a hybrid ESS-EDLC are the extension of life
cycle and the reduction of internal faults because EDLC does not have
chemical variations on the electrodes. With smaller internal resistances, the
internal losses and heating during extremely discharging term can be also
reduced.

In this dissertation, the different storage energy devices are first analyzed
and compared each other. Then, a hybrid ESS is proposed to compensate for
the Jeju power system in case of power fluctuation. The characteristics of
battery is compared between real data and simulation data. This dissertation
also proposes the method for calculating the adequate capacity of the hybrid
ESS. This work is very important because the fluctuation of wind power will
be depended on the characteristic of wind wvelocity. An proposed capacity
depend on the capacity of wind farm will save energy, increase efficiency,
and ensure economical operation. Finally, the simulation results will confirm

the effectiveness of proposed method.
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Table 1 Frequency characteristic constant caused by load change

A‘Ptotal[lv[VV] AFgrid[Hz] K[MW/HZ]

10 0.15 67.07

20 0.30 66.86

30 0.45 66.78

Average 66.90

A‘Ptotal

A‘quid = K (4)
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Fig. 2 Frequency variation according to load change
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Table 2 Wind farms in the Jeju Island in 2012

Project Site location Nuﬁ}gg of Capacity
Hangwon Hgi?\i‘gfg; 12 10.6MW
Sinchang Ha f;;zgig%;;em 2 L7MW
Woljeong Woljeong-ri, Gujwa—eup 1 1.5MW
Hangeong Yongsu-ri, Hangyeong-myeon 9 21.0MW
Sungsan Susan-ri, Seongsan—eup 10 20.0MW
Samdal Samdal-ri, Seongsan—eup 11 33.0MW

Gasiri Gasi-ri, Pyoseon—-myeon 13 15.0MW
Gimnyeong Gimnyeong-ri, Gujwa—eup 2 1.5MW
Wollyeong Wollyeong-ri, Hallim—eup 1 2.0MW

Total capacity 61 106.3MW

Jejulsland 886.25MW il
installed
capacity 106.25MW wind power:12%)

Hanlim |
combined[105MW] §

P Namjeju
¢ thermal[240MW]

Fig. 4 Jeju power grid with wind farms
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Fig. 5 Grid connection of the Haengwon wind farm
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Table 3 Probahility distribution of the output power fluctuation every 2 seconds
in the Haengwon wind farm

Frequency Frequency
pa Samplel[unit] | Sample[%] pu Samplel[unit] | Sample[%]

-0.50 1 0 0.00 15,169,925 97
-0.48 0 0 0.02 228,093 1
-0.46 0 0 0.04 2,549 0
-0.44 0 0 0.06 74 0
-0.42 0 0 0.08 11 0
-0.40 0 0 0.10 2 0
-0.38 0 0 0.12 2 0
-0.36 0 0 0.14 0 0
-0.34 0 0 0.16 0 0
-0.32 1 0 0.18 0 0
-0.30 0 0 0.20 0 0
-0.28 1 0 0.22 1 0
-0.26 0 0 0.24 0 0
-0.24 0 0 0.26 0 0
-0.22 0 0 0.28 0 0
-0.20 1 0 0.30 0 0
-0.18 0 0 0.32 0 0
-0.16 1 0 0.34 0 0
-0.14 0 0 0.36 0 0
-0.12 4 0 0.38 0 0
-0.10 2 0 0.40 0 0
-0.08 12 0 0.42 0 0
-0.06 48 0 0.44 0 0
-0.04 1,562 0 0.46 0 0
-0.02 216,183 1 0.48 0 0

0.50 1 0

Table 4914 vebd A3k o] 20099 3€5-H 2010 2€974%9] 2% &9 &
S EAA +20%7F W& AMEZE 7S V]SSt glon, dlY dk ok Hu

FEo] WA A 20109 1Y€ 219 124] 208 36% wWiow, oluje
ZHHEES -64%01H WEHFS 6.4MWE debgth whek 2% WHEd] thu] gk

AFAAGA 2 AT T WS tiH] oF 65%7kA argsjof & Ao
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Fig. 6 Probability distribution curve of the power fluctuation every 2 seconds

in the Haengwon wind farm

Table 4 Maximum power fluctuation every 2 seconds in the Haengwon wind farm

Power Power Fluctuation
Date Time production fluctuation rate
[MW] [MW] [%]
2010.01.21 12:20:36 6.49 -6.44 -64
2009.06.02 12:57:00 5.42 -3.38 -34
2009.07.25 13:02:06 2.55 -2.52 -25
2010.01.26 13:38:44 2.24 -2.24 -22
2009.08.09 19:03:18 3.38 -2.23 -22
2010.02.19 05:22:16 6.76 -1.90 -19
2009.07.17 20:58:54 3.58 -1.78 -18
2009.12.31 11:58:14 7.27 -1.66 -17
2009.07.24 10:15:28 3.03 -1.63 -16
2009.05.20 21:25:40 473 -1.50 -15
2009.07.25 13:02:00 0.07 2.48 25
2009.12.31 11:58:10 498 2.28 23
2009.11.01 03:08:14 2.60 1.75 18
2009.11.12 09:12:32 6.16 1.75 18
2010.01.04 20:03:08 2.68 1.63 16
2010.01.21 12:36:52 2.54 1.56 16
2010.01.13 10:09:16 5.20 1.45 14
2009.06.20 20:00:06 3.09 1.41 14
2009.12.27 13:38:38 5.93 1.38 14
2010.01.12 16:28:08 6.04 1.36 14
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Table 5 Probability distribution of the output power fluctuation every 1 minute

in the Haengwon wind farm

Frequency Frequency
pu Samplelunit] | Sample[%] pa Samplelunit] | Sample[%]

-0.50 0 0 0.00 14,631,914 94
-0.48 0 0 0.02 492,274 3
-0.46 0 0 0.04 5,069 0
-0.44 0 0 0.06 95 0
-0.42 0 0 0.08 11 0
-0.40 0 0 0.10 8 0
-0.38 0 0 0.12 5 0
-0.36 0 0 0.14 2 0
-0.34 0 0 0.16 1 0
-0.32 0 0 0.18 0 0
-0.30 0 0 0.20 0 0
-0.28 0 0 0.22 0 0
-0.26 0 0 0.24 0 0
-0.24 0 0 0.26 0 0
-0.22 0 0 0.28 0 0
-0.20 0 0 0.30 0 0
-0.18 0 0 0.32 0 0
-0.16 1 0 0.34 0 0
-0.14 4 0 0.36 0 0
-0.12 8 0 0.38 0 0
-0.10 8 0 0.40 0 0
-0.08 17 0 0.42 0 0
-0.06 34 0 0.44 0 0
-0.04 4570 0 0.46 0 0
-0.02 484,344 3 0.48 0 0

0.50 0 0
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Fig. 7 Probability distribution curve of the power fluctuation every 1 minute

in the Haengwon wind farm

Table 6 Maximum power fluctuation every 1 minute in the Haengwon wind farm

Power Power Fluctuation

Data Time production fluctuation rate
[MW] [MW] [%]

2010.01.21 12:20:14 6.71 -6.66 -67
2009.06.02 12:56:54 5.50 -3.74 -37
2009.12.15 06:55:18 5.43 -3.21 -32
2010.02.25 11:45:54 5.58 -2.71 =27
2010.02.13 09:09:00 6.89 -2.64 -26
2009.07.07 09:05:02 5.58 -2.60 -26
2009.05.20 21:24:58 5.40 -2.60 -26
2009.11.30 08:34:32 6.80 -2.60 -26
2010.02.04 03:49:46 6.21 -2.58 -26
2010.02.03 14:59:24 6.38 -2.56 -26
2010.01.12 18:53:00 3.24 3.88 39
2010.01.21 12:36:34 2.46 3.26 33
2010.02.13 16:33:00 3.78 3.16 32
2010.02.18 00:52:24 2.09 3.13 31
2010.02.19 16:47:24 4.13 3.06 31
2009.06.02 19:32:48 2.51 3.03 30
2010.02.25 05:57:16 3.92 3.00 30
2010.01.08 19:03:28 3.79 291 29
2010.02.12 23:26:30 4.29 2.83 28
2010.02.03 15:52:08 4.03 2.77 28
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Table 7 Probability distribution of wind power fluctuation every 10 minutes

in the Haengwon wind farm

Frequency Frequency
pa Samplel[unit] | Sample[%] pa Samplelunit] | Sample[%]

-0.50 0 0 0.00 12630360 81
-0.48 0 0 0.02 1254986 8
-0.46 0 0 0.04 181462 1
-0.44 0 0 0.06 34492 0
-0.42 0 0 0.08 5845 0
-0.40 0 0 0.10 993 0
-0.38 0 0 0.12 204 0
-0.36 0 0 0.14 76 0
-0.34 0 0 0.16 11 0
-0.32 0 0 0.18 0 0
-0.30 0 0 0.20 0 0
-0.28 0 0 0.22 0 0
-0.26 0 0 0.24 0 0
-0.24 0 0 0.26 0 0
-0.22 0 0 0.28 0 0
-0.20 0 0 0.30 0 0
-0.18 11 0 0.32 0 0
-0.16 12 0 0.34 0 0
-0.14 54 0 0.36 0 0
-0.12 113 0 0.38 0 0
-0.10 823 0 0.40 0 0
-0.08 4987 0 0.42 0 0
-0.06 31207 0 0.44 0 0
-0.04 183037 1 0.46 0 0
-0.02 1289202 8 0.48 0 0

0.50 0 0
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Fig. 8 Probability distribution curve of the power fluctuation every 10 minutes

Table 8 Maximum power fluctuation every 10 minutes in the Haengwon wind farm
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in the Haengwon wind farm

0

2%

1 1
03 034

Power Power Fluctuation
Date Time production fluctuation rate
[MW] [MW] [%]
2010.01.21 12:20:14 6.71 -6.70 -67
2010.02.19 13:33:44 7.60 -6.16 -62
2009.06.30 20:06:14 6.05 -6.04 -60
2009.12.17 03:46:30 6.32 -551 -55
2010.01.12 23:11:30 6.10 -5.41 -54
2009.07.28 21:08:58 5.67 -5.29 -53
2009.12.15 06:50:22 6.79 -5.07 -51
2010.02.13 05:59:30 7.32 -5.05 -51
2010.02.03 16:27:30 7.10 -4.98 -50
2010.02.18 00:27:28 7.38 -4.93 -49
2010.02.18 00:50:38 0.76 7.82 78
2010.01.12 20:49:44 0.49 6.66 67
2009.12.30 03:35:00 0.36 5.96 60
2009.10.17 03:43:08 0.02 5.90 59
2009.12.17 03:35:46 0.77 5.86 59
2010.01.21 12:28:30 0.01 5.84 58
2009.06.30 19:57:46 0.41 5.68 57
2010.02.19 11:06:04 0.80 5.51 55
2010.01.08 18:58:38 1.30 551 55
2010.02.13 06:07:54 2.27 5.06 51
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Table 9 Probability distribution of wind power fluctuation every 30 minutes

in the Haengwon wind farm

Frequency Frequency
pu Samplelunit] | Sample[%] pu Samplelunit] | Sample[%]

-0.50 0 0 0.00 11628436 74
-0.48 0 0 0.02 1585303 10
-0.46 0 0 0.04 289568 2
-0.44 0 0 0.06 67366 0
-0.42 0 0 0.08 17057 0
-04 0 0 0.10 4439 0
-0.38 0 0 0.12 1629 0
-0.36 0 0 0.14 574 0
-0.34 0 0 0.16 571 0
-0.32 0 0 0.18 54 0
-0.30 0 0 0.20 7 0
-0.28 0 0 0.22 0 0
-0.26 0 0 0.24 0 0
-0.24 0 0 0.26 0 0
-0.22 0 0 0.28 0 0
-0.20 0 0 0.30 0 0
-0.18 43 0 0.32 0 0
-0.16 259 0 0.34 0 0
-0.14 592 0 0.36 0 0
-0.12 1762 0 0.38 0 0
-0.10 4336 0 0.40 0 0
-0.08 15827 0 0.42 0 0
-0.06 66512 0 0.44 0 0
-0.04 302262 2 0.46 0 0
-0.02 1630078 10 0.48 0 0

0.50 0 0

_21_



Appearnce probability [%)]

>

1 - 1 L - 1 L 1 L L L L L L L
1T 006 002 002 006 01 014 018 022 0% 03 034 038 042 045 05

il ' L L A L L 1 1
%5 046 042 038 034 03 0% 022 018 014 O

Power fluctuation[pu]

Fig. 9 Probability distribution curve of the power fluctuation every 30 minutes

in the Haengwon wind farm

Table 10 Maximum power fluctuation every 30 minutes in the Haengwon wind farm

Power Power Fluctuation
Date Time production fluctuation rate
[MW] [MW] [%]
2010.01.12 20:26:00 8.04 -7.55 =76
2010.02.18 00:24:18 8.23 -7.47 =75
2010.01.21 12:20:14 6.71 -6.70 -67
2009.12.15 06:44:18 8.22 -6.50 -65
2010.02.19 13:33:44 7.60 -6.16 -62
2009.06.30 20:04:44 6.09 -6.08 -61
2009.07.28 21:06:10 6.02 -6.01 -60
2009.12.17 03:42:18 6.63 -5.89 -59
2010.01.08 18:42:46 7.14 -5.84 -59
2010.02.01 14:10:46 6.58 -5.82 -58
2010.02.18 00:50:38 0.76 7.82 78
2010.01.04 11:03:08 0.45 7.28 73
2009.12.11 03:17:00 0.15 7.12 71
2010.01.12 20:49:02 0.49 6.66 67
2010.02.19 11:06:04 0.80 6.43 64
2010.02.25 05:45:26 1.13 6.25 63
2009.07.07 04:25:52 0.78 6.18 62
2010.01.21 11:41:00 0.01 6.05 61
2009.12.03 07:30:12 1.76 6.04 60
2009.12.30 03:16:28 0.30 6.02 60
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Table 11 Probability distribution of wind power fluctuation every 2 seconds

in the Hangeong wind farm

Frequency Frequency
pa Sample[unit] Sample[ %] pa Samplelunit] Sample[ %]
-0.50 6 0 0.00 12,930,240 87
-0.48 0 0 0.02 790,572 5
-0.46 1 0 0.04 112,975 1
-0.44 0 0 0.06 17,404 0
-0.42 0 0 0.08 2,550 0
-0.4 0 0 0.10 337 0
-0.38 0 0 0.12 58 0
-0.36 0 0 0.14 7 0
-0.34 1 0 0.16 0 0
-0.32 1 0 0.18 1 0
-0.30 1 0 0.20 1 0
-0.28 0 0 0.22 0 0
-0.26 2 0 0.24 0 0
-0.24 1 0 0.26 0 0
-0.22 1 0 0.28 0 0
-0.20 0 0 0.30 0 0
-0.18 2 0 0.32 1 0
-0.16 11 0 0.34 1 0
-0.14 34 0 0.36 0 0
-0.12 72 0 0.38 0 0
-0.10 320 0 0.40 0 0
-0.08 2,074 0 0.42 0 0
-0.06 14,998 0 0.44 0 0
-0.04 107,338 1 0.46 1 0
-0.02 807,005 5 0.48 0 0
0.50 4 0

Table 12614 veERE A3 7Eo] 20099 3€9FH 2010 2¥€7hA 9] 2% &
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11 Probability distribution curve of the power fluctuation every 2 seconds

in the Hangeong wind farm

Table 12 Maximum power fluctuation every 2 seconds in the Hangeong wind farm

Power Power Fluctuation

Date Time production fluctuation rate
[MW] [MW] [%]

2009.11.20 23:59:54 13.83 -13.26 -63
2010.01.13 00:10:36 12.82 -12.16 -58
2009.08.27 15:38:30 12.16 -11.49 -55
2009.03.20 03:22:54 17.84 -11.08 -53
2010.02.27 23:59:54 11.71 -11.07 -53
2010.02.01 05:56:04 14.44 -10.48 -50
2009.04.20 10:12:54 6.89 -6.20 -30
2009.10.07 10:04:46 13.98 -6.02 -29
2009.10.17 03:24:02 9.54 -5.20 -25
2009.12.06 13:23:36 8.03 -5.07 24
2010.02.07 05:42:10 3.63 13.44 64
2010.01.14 23:59:54 4.52 9.22 44
2010.01.16 23:59:54 4,94 6.46 31
2009.04.04 14:33:14 4.30 3.84 18
2010.02.19 05:22:16 9.07 3.64 17
2009.11.25 12:42:12 1.22 2.84 14
2009.12.26 21:56:10 10.32 2718 13
2009.03.12 15:50:02 12.04 2.67 13
2009.03.18 13:08:16 12.55 2.67 13
2009.05.28 03:57:38 5.48 2.63 13
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Table 13 Probability distribution of wind power fluctuation every 1 minute

in the Hangeong wind farm

Frequency Frequency
pa Samplelunit] | Sample[%] pa Samplelunit] Sample[ %]

-0.50 0 0 0.00 11,002,351 74
-0.48 0 0 0.02 1,537,283 10
-0.46 0 0 0.04 283,514 2
-0.44 1 0 0.06 49,075 0
-0.42 0 0 0.08 6,928 0
-04 1 0 0.10 940 0
-0.38 1 0 0.12 140 0
-0.36 0 0 0.14 18 0
-0.34 2 0 0.16 18 0
-0.32 2 0 0.18 6 0
-0.30 4 0 0.20 5 0
-0.28 3 0 0.22 5 0
-0.26 5 0 0.24 7 0
-0.24 7 0 0.26 6 0
-0.22 5 0 0.28 1 0
-0.20 7 0 0.30 2 0
-0.18 7 0 0.32 2 0
-0.16 8 0 0.34 1 0
-0.14 21 0 0.36 0 0
-0.12 77 0 0.38 1 0
-0.10 602 0 0.40 1 0
-0.08 5,306 0 0.42 1 0
-0.06 42,025 0 0.44 0 0
-0.04 277,705 2 0.46 0 0
-0.02 1,579,811 11 0.48 0 0

0.50 2 0
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Fig. 12 Probability distribution curve of the power fluctuation every 1

minute in the Hangeong wind farm

Table 14 Maximum power fluctuation every 1 minute in the Hangeong wind farm

Power Power Fluctuation
Date Time production fluctuation rate
[MW] [MW] [%]
2010.01.13 00:10:10 13.42 -12.76 -61
2009.10.17 03:23:32 14.37 -11.90 -57
2009.08.27 15:38:04 12.36 -11.72 -56
2009.03.20 03:22:32 17.90 -11.57 -55
2010.02.01 05:55:28 14.80 -10.84 -52
2010.02.10 10:20:28 14.13 -9.30 -44
2009.12.31 05:46:12 16.30 -7.27 -35
2010.01.12 17:54:46 14.43 -6.88 -33
2009.12.19 02:53:06 14.21 -6.77 -32
2009.12.18 22:08:28 16.63 -6.70 -32
2010.02.07 05:41:24 2.46 14.69 70
2009.10.17 03:28:04 3.40 11.67 56
2010.02.10 10:14:40 6.91 8.81 42
2009.11.14 23:24:08 8.95 8.62 41
2010.01.13 15:52:08 7.25 8.47 40
2010.01.14 05:49:44 2.84 8.03 38
2009.12.17 07:39:44 6.61 8.01 38
2010.02.06 03:16:32 2.61 7.61 36
2009.12.18 08:27:20 6.17 7.32 35
2009.11.21 06:25:04 8.65 7.19 34
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Table 15 Probability distribution of wind power fluctuation every 10 minutes

in the Hangeong wind farm

Frequency Frequency
pa Samplelunit] | Sample[%] pa Sample[unit] | Sample[%]
-0.50 0 0 0.00 8,769,078 59
-0.48 0 0 0.02 1,757,203 12
-0.46 0 0 0.04 624,232 4
-0.44 0 0 0.06 290,381 2
-0.42 6 0 0.08 141,189 1
-04 11 0 0.10 68,798 0
-0.38 13 0 0.12 34,394 0
-0.36 23 0 0.14 17,398 0
-0.34 44 0 0.16 8,545 0
-0.32 37 0 0.18 4,482 0
-0.30 63 0 0.20 2,419 0
-0.28 78 0 0.22 1,184 0
-0.26 182 0 0.24 735 0
-0.24 439 0 0.26 359 0
-0.22 730 0 0.28 215 0
-0.20 1,388 0 0.30 179 0
-0.18 2,788 0 0.32 96 0
-0.16 6,233 0 0.34 37 0
-0.14 13,247 0 0.36 24 0
-0.12 28,780 0 0.38 13 0
-0.10 62,311 0 0.40 7 0
-0.08 135,782 1 0.42 7 0
-0.06 297,908 2 0.44 1 0
-0.04 675,763 5 0.46 0 0
-0.02 1,838,023 12 0.48 0 0
0.50 2 0
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Fig. 13 Probability distribution curve of the power fluctuation every 10 minutes

in the Hangeong wind farm

Table 16 Maximum power fluctuation every 10 minutes in the Hangeong wind farm

. Power Power Fluctuation
Date Time production fluctuation rate
[MW] [MW] [%]
2010.02.10 10:15:52 15.81 -14.67 =70
2010.01.12 18:49:44 16.61 -14.35 -68
2009.11.12 22:13:32 17.23 -14.34 -68
2009.06.22 16:13:56 16.13 -14.01 -67
2009.12.16 20:12:58 16.34 -13.99 -67
2009.07.28 19:59:28 14.15 -13.66 -65
2010.01.13 18:33:40 16.90 -13.43 -64
2009.11.18 03:57:52 16.16 -13.35 -64
2009.12.28 08:45:32 16.19 -13.26 -63
2010.02.19 02:15:14 16.13 -13.22 -63
2010.02.07 05:36:32 1.33 15.82 75
2009.07.23 23:95:32 0.82 15.65 75
2009.12.17 01:09:06 1.36 15.39 73
2010.02.10 10:06:04 0.43 15.38 73
2009.09.25 16:14:08 4.01 15.07 72
2010.01.12 20:16:00 2.35 14.17 68
2010.01.13 18:43:48 3.47 13.27 63
2009.11.01 02:26:10 2.03 13.20 63
2009.11.10 09:14:40 2.93 12.99 62
2009.10.17 03:25:12 2.29 12.77 61
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Table 17 Probability distribution of wvariable fluctuation every 30 minutes

in the Hangeong wind farm

Frequency Frequency
pa Sample[unit] | Sample[%] pa Samplel[unit] | Sample[%]
-0.50 10 0 0.00 7696144 52
-0.48 8 0 0.02 1919166 13
-0.46 31 0 0.04 754205 5
-0.44 92 0 0.06 373916 3
-0.42 110 0 0.08 199116 1
-0.40 65 0 0.10 110859 1
-0.38 72 0 0.12 62117 0
-0.36 113 0 0.14 35503 0
-0.34 152 0 0.16 20265 0
-0.32 198 0 0.18 12344 0
-0.30 386 0 0.20 7514 0
-0.28 898 0 0.22 4556 0
-0.26 1536 0 0.24 2934 0
-0.24 2298 0 0.26 2029 0
-0.22 3677 0 0.28 1234 0
-0.20 5634 0 0.30 841 0
-0.18 9357 0 0.32 607 0
-0.16 17420 0 0.34 471 0
-0.14 31652 0 0.36 306 0
-0.12 58247 0 0.38 124 0
-0.10 108478 1 0.40 99 0
-0.08 208367 1 0.42 136 0
-0.06 403711 3 0.44 74 0
-0.04 814236 6 0.46 30 0
-0.02 1911066 13 0.48 17 0
0.50 6 0
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Fig. 14 Probability distribution curve of the power fluctuation every 30 minutes

in the Hangeong wind farm

Table 18 Maximum power fluctuation every 30 minutes in the Hangeong wind farm

Power Power Fluctuation

Date Time production fluctuation rate
[MW] [MW] [%]

2009.11.12 22:06:46 18.01 -16.04 -76
2010.02.19 11:17:28 16.53 -15.94 -76
2009.09.25 16:24:20 19.09 -15.67 =75
2010.02.11 0516:32 16.56 -15.59 74
2009.12.17 00:37:52 16.45 -15.37 -73
2009.06.22 16:13:56 16.13 -15.32 -73
2000.08.05 03:46:08 16.32 -15.22 -73
2009.11.10 09:45:12 15.76 -15.20 =72
2009.11.11 13:54:28 18.00 -15.00 -71
2010.02.10 10:15:52 15.81 -14.67 =70
2009.09.25 15:56:44 0.79 18.30 87
2009.11.10 09:00:48 0.56 17.00 31
2010.02.07 05:36:32 1.33 16.99 31
2000.07.23 23:25:32 0.82 16.53 79
2009.04.24 10:00:16 1.76 16.42 78
2000.07.28 20:065:56 0.49 16.08 77
2009.12.17 01:08:32 1.08 16.08 77
2010.02.10 10:06:04 043 15.38 73
2009.06.22 15:34:08 1.13 15.30 73
2010.01.12 185352 2.26 15.02 72
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Fig. 15 Grid connection of wind generators in Sungsan wind farm
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Table 19 Probability distribution of wind power fluctuation every 2 seconds

in Sungsan wind farm

Frequency Frequency
pu Samplelunit] | Sample[%] pa Samplelunit] | Sample[%]

-0.50 1 0 0.00 12,774,482 95
-0.48 0 0 0.02 266,105 2
-0.46 0 0 0.04 61,849 0
-0.44 0 0 0.06 15,274 0
-0.42 0 0 0.08 3,507 0
-04 0 0 0.10 790 0
-0.38 1 0 0.12 154 0
-0.36 1 0 0.14 25 0
-0.34 0 0 0.16 4 0
-0.32 0 0 0.18 1 0
-0.30 0 0 0.20 0 0
-0.28 0 0 0.22 1 0
-0.26 1 0 0.24 0 0
-0.24 0 0 0.26 0 0
-0.22 0 0 0.28 0 0
-0.20 1 0 0.30 0 0
-0.18 2 0 0.32 1 0
-0.16 3 0 0.34 0 0
-0.14 16 0 0.36 0 0
-0.12 81 0 0.38 0 0
-0.10 499 0 0.40 0 0
-0.08 2,356 0 0.42 0 0
-0.06 12,541 0 0.44 0 0
-0.04 60,253 0 0.46 0 0
-0.02 280,553 2 0.48 0 0

0.50 0 0
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Fig. 16 Probability distribution curve of the power fluctuation every 2 seconds

in the Seongsan wind farm

Table 20 Maximum power fluctuation every 2 seconds in the Seongsan wind farm

. Power Power Fluctuation
Date Time production fluctuation rate
[MW] [MW] [%]
2009.07.28 20:14:32 11.99 -10.35 -86
2009.08.27 14:28:12 3.36 -7.95 -66
2009.06.20 22:00:58 7.78 -7.33 -61
2010.01.12 23:46:10 6.10 -5.61 -47
2009.05.16 04:33:22 11.98 -4.23 -35
2010.01.21 16:15:12 7.99 -3.96 -33
2009.07.28 20:58:50 7.24 -3.70 -31
2009.07.28 20:57:00 6.70 -3.54 -30
2010.01.21 22:31:52 11.22 -3.26 27
2009.05.16 19:15:56 10.49 -3.15 -26
2010.02.07 05:42:10 2.92 6.87 57
2009.04.11 21:56:06 0.42 4.44 37
2009.07.28 20:16:44 3.58 3.72 31
2009.07.19 06:00:56 4.81 3.53 29
2010.01.20 08:38:06 7.59 3.30 28
2009.07.17 07:50:00 7.90 3.21 27
2009.10.14 01:37:26 751 3.17 26
2010.01.06 06:48:58 3.87 3.10 26
2010.01.07 08:07:14 6.56 3.06 26
2009.06.02 15:06:56 8.85 3.05 26
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Table 21 Probability distribution of wind power fluctuation every 1 minute

in the Seongsan wind farm

Frequency Frequency
pa Samplelunit] | Sample[%] pa Sample[unit] | Sample[%]

-0.50 0 0 0.00 10,826,657 80
-0.48 0 0 0.02 1,162,101 9
-0.46 0 0 0.04 147,356 1
-0.44 0 0 0.06 14,595 0
-0.42 0 0 0.08 1,043 0
-04 0 0 0.10 47 0
-0.38 0 0 0.12 11 0
-0.36 0 0 0.14 6 0
-0.34 0 0 0.16 8 0
-0.32 0 0 0.18 6 0
-0.30 0 0 0.20 1 0
-0.28 0 0 0.22 1 0
-0.26 0 0 0.24 1 0
-0.24 1 0 0.26 0 0
-0.22 2 0 0.28 0 0
-0.20 2 0 0.30 0 0
-0.18 3 0 0.32 0 0
-0.16 3 0 0.34 0 5
-0.14 7 0 0.36 0 0
-0.12 12 0 0.38 0 0
-0.10 81 0 0.40 0 0
-0.08 850 0 0.42 0 0
-0.06 12,757 0 0.44 0 0
-0.04 140,852 1 0.46 0 0
-0.02 1,172,042 9 0.48 0 0

0.50 0 0

1
Aok Hd YR EEC] YA A7 20099 79 289 204 137 36x WHo

m, oluje] ZHWMEEE -87%0|H WEFS 1045MWE LES
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Fig. 17 Probability distribution curve of the power fluctuation every 1 minute

in the Seongsan wind farm

Table 22 Maximum power fluctuation every 1 minute in the Seongsan wind farm

Power Power Fluctuation
Date Time production fluctuation rate
[MW] [MW] [%]
2009.07.28 20:13:36 12.09 -10.45 -87
2009.06.20 22:00:26 10.42 -9.97 -83
2009.08.27 14:27:14 8.88 -8.47 -71
2009.07.28 20:58:04 10.06 -7.12 -59
2010.01.12 23:46:02 6.10 -5.64 -47
2009.05.16 04:33:14 11.98 -5.01 -42
2010.01.07 15:20:14 3.93 -4.81 -40
2009.07.21 11:42:40 9.79 -4.79 -40
2010.01.04 15:45:42 6.08 -4.78 -40
2009.05.08 06:20:46 9.95 -4.65 -39
2010.02.07 05:42:10 2.92 6.14 51
2009.04.11 21:56:06 0.42 4.34 36
2009.07.28 20:16:44 3.58 3.72 31
2009.07.28 20:57:10 3.16 2.99 25
2009.10.14 01:37:26 751 2.96 25
2009.10.17 03:55:56 3.91 2.83 24
2009.05.28 12:38:10 4.25 2.75 23
2009.04.22 15:25:44 5.35 2.58 22
2009.05.22 22:95:20 3.12 2.57 22
2010.02.19 12:21:38 6.54 2.54 21
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Table 23 Probability distribution of wind power fluctuation every 10 minutes

in the Seongsan wind farm

Frequency Frequency
pa Sample[unit] | Sample[%] pa Sample[unit] | Sample[%]
-0.50 0 0 0.00 8,796,129 65
-0.48 0 0 0.02 1,597,544 12
-0.46 0 0 0.04 496,481 4
-0.44 0 0 0.06 169,341 1
-0.42 0 0 0.08 53,859 0
-04 0 0 0.10 15,042 0
-0.38 0 0 0.12 4,024 0
-0.36 0 0 0.14 1,132 0
-0.34 0 0 0.16 227 0
-0.32 0 0 0.18 53 0
-0.30 0 0 0.20 36 0
-0.28 0 0 0.22 6 0
-0.26 11 0 0.24 0 0
-0.24 10 0 0.26 0 0
-0.22 39 0 0.28 5 0
-0.20 71 0 0.30 0 0
-0.18 117 0 0.32 0 0
-0.16 326 0 0.34 5 0
-0.14 1,274 0 0.36 49 0
-0.12 4,169 0 0.38 5 0
-0.10 15,942 0 0.40 0 0
-0.08 53,458 0 0.42 0 0
-0.06 169,678 1 0.44 0 0
-0.04 507,782 4 0.46 0 0
-0.02 1,591,090 12 0.48 0 0
0.50 0 0
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Fig. 18 Probability distribution curve of the power fluctuation every 10

minutes in the Seongsan wind farm

Table 24 Maximum power fluctuation every 10 minutes in the Seongsan wind farm

. Power Power Fluctuation
Date Time production fluctuation rate
[MW] [MW] [%]
2009.06.20 21:51:36 11.77 -11.32 -94
2009.07.28 20:07:54 12.12 -10.48 -87
2009.08.27 14:25:28 9.46 -9.10 -76
2009.10.17 04:31:30 11.69 -8.86 =74
2010.02.19 12:05:02 10.16 -8.29 -69
2009.07.21 11:42:34 9.79 -8.00 -67
2010.02.13 03:53:46 11.98 -7.85 -65
2010.01.27 19:46:18 9.04 -7.79 -65
2009.12.19 18:17:40 8.19 -7.72 -64
2009.07.18 15:46:34 10.44 -7.66 -64
2009.07.28 19:57:00 0.42 11.63 97
2009.04.11 21:55:56 0.39 11.11 93
2009.10.14 01:27:56 1.01 10.80 90
2009.10.17 03:54:52 2.22 9.76 31
2009.07.19 21:04:04 2.31 9.50 79
2009.12.17 13:09:58 0.56 9.37 78
2010.02.18 03:12:46 2.68 9.36 78
2009.05.21 23:23:50 2.74 8.97 75
2009.08.27 14:21:02 0.58 8.96 75
2009.05.21 03:54:56 1.46 8.56 71
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Table 25 Probability distribution of wind power fluctuation every 30 minutes

in the Seongsan wind farm

Frequency Frequency
pa Sample[unit] | Sample[%] pa Samplel[unit] | Sample[%]

-0.50 0 0 0.00 7,618,167 57
-0.48 0 0 0.02 1,764,728 13
-0.46 0 0 0.04 661,891 5
-0.44 0 0 0.06 128,387 2
-0.42 0 0 0.08 293,016 1
-04 0 0 0.10 58,552 0
-0.38 0 0 0.12 21,300 0
-0.36 0 0 0.14 9,247 0
-0.34 0 0 0.16 3,904 0
-0.32 11 0 0.18 1,116 0
-0.30 11 0 0.20 382 0
-0.28 44 0 0.22 146 0
-0.26 101 0 0.24 78 0
-0.24 118 0 0.26 11 0
-0.22 429 0 0.28 11 0
-0.20 805 0 0.30 32 0
-0.18 1,816 0 0.32 28 0
-0.16 4,048 0 0.34 53 0
-0.14 9,246 0 0.36 0 0
-0.12 23,303 0 0.38 0 0
-0.10 56,261 0 0.40 21 0
-0.08 136,161 1 0.42 38 0
-0.06 307,768 2 0.44 0 0
-0.04 680,742 5 0.46 0 0
-0.02 1,694,733 13 0.48 0 0

0.50 0 0
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Fig. 19 Probability distribution curve of the power fluctuation every 30 minutes

in the Seongsan wind farm

Table 26 Maximum power fluctuation every 30 minutes in the Seongsan wind farm

Power Power Fluctuation

Date Time production fluctuation rate
[MW] [MW] [24]

2009.06.20 21:48:06 12.00 -11.59 -97
2009.07.28 20:45:20 11.88 -11.52 -96
2009.10.17 04:31:32 11.69 -10.56 -88
2009.06.21 22:95:52 11.49 -10.54 -88
2009.07.18 15:37:20 11.64 -9.90 -83
2009.11.02 01:57:04 10.66 -9.74 -81
2009.06.12 09:40:12 10.50 -9.69 -81
2009.06.21 22:30:50 10.59 -9.64 -80
2009.06.20 21:59:20 10.04 -9.63 -80
2010.01.21 16:12:04 10.04 -9.63 -80
2009.07.28 19:56:50 0.42 11.78 98
2010.01.21 18:54:32 0.42 11.66 97
2009.10.17 03:29:34 0.39 11.60 97
2009.04.11 21:41:16 0.38 11.51 96
2009.10.14 01:21:24 0.55 11.37 95
2009.10.17 03:36:58 0.99 11.00 92
2009.06.21 23:07:30 1.58 10.25 85
2010.02.18 00:12:18 1.77 10.24 85
2009.06.21 23:06:34 1.73 10.09 84
2009.07.21 06:47:56 0.60 10.03 84
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Table 27 Characteristics of batteries

3F 5o len, A7A-sAE A
upet g Fst vlEshde] 4% st ok w2 =2

g 9% UGN 2o

g oy A A

S, W] Ao dealol

v dztel felsta EETF B

Ni-Cd Ni-H, Li-ion System impact using Li-ion
Specific energy . .
30 60 165 Weight saving
[Wh/kg]
Energy .
L 72 70 96 Reduction of charge power
efficiency [%]
Thermal power g 10 5 Reduction of radiator, heat
[scale 1-10] pipe sizes
Self discharge 05 : 0.3 No trickle and simple
[%/day] ' ' management at launch pad
Temperature .
. 0 to 40 | -20 to 30 | 10 to 30 Management at ambient
range [C]
Memory effect Yes Yes No No reconditioning
Energy Better observability of states
. No Pressure Voltage
gauge/monitor of charge
Charge CC CV . .
CcC CC ) Weight saving
management +Balancing
) One cell design, ability to
Modularity No No Yes ]
put cells in paralled.
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Fig. 50 Power output of the Haengwon wind farm (2009.12.31)
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Table 29 Comparative results between the BESS and the HESS

in the Hangeong wind farm

BESS HESS

Cess_Total | PEss_Total CepLc Cugess_Totat | Prprc | PuEss_Total
MWh | Mwl | 9Ce | ewn] | MWl | awl | [w] | S9Cee

_ 3.5 17.5 N
4.2 o1 | 036 112 | aem | 35 | asm | %2
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Table 30 Comparative results between the BESS and the HESS

in the Seongsan wind farm

BESS HESS

CESS,Total P ESS_Total CEDLC CllESS,’I‘otal P EDLC P HESS_Total
SOCuse

[MWh] | [MW] [(kWh] | [MWh] | [MW] | [Mw] | SOCuse

2 10
2.4 12 | 039 34 | (16.7% 2 a6.7% | 931
0.65 0.72
decrease) decrease)

Fig. 87% Fig. 882 7zt AAEdddx] Asdetr Al o | A A7 28 o

e Aok = Aol WM HarE S 3T Aotk oluA A ZA
&



Sung-San 12MW -

= P total | i

12.0 T |
e __-"--,._-_____ |
6.0 1 e ——

a0 | ———

0.0

MW

= BESS soc B

0.150 ]

0.140 ——
0.130 1 e —
0.120 !
0.110
0.100

1
|

= EDLC_soc ¥

1.00
0.80

0:40 \
0.20 \ -

l:ll 10 2l.) 3{‘) 40 5;3 El.) 7EI 80 9!‘) 1 D.(I

pu

al Time(sec) Is]

Fig. 86 SOC variation of the HESS

in case of disconnecting the Seongsan wind farm from the grid

No BESS -

- »
12.0 -&*ﬂ.

10.0

8.0

MW

6.0

4.0

2.0

0.0 -

60.40 -
£0.30 -
60.20 - t
60.10 L 1
60.00 . e . — L -
59.90
59.80 -
59.70

Hz

o 10 20 30 40 50 &0 70 B0 90 100
<l Time(sec)

Fig. 87 Frequency variation in case of disconnecting the Seongsan wind farm
from the grid without the ESS

_97_




with BESS -
= P_total E

10.0 -

MW

2.0 4

0.0 -

= Grid_Freg ¥
60.40 -
60.30 -
60.20 -
60.10 - 1 1 1 ! !
0. 00 Pt e T LYW
59.90 - : !
59.80 -
59.70 -
59.60 -
59.50

0 10 20 30 40 50 &0 70 80 90 100
. Time(sec) .

Hz

Fig. 88 Frequency variation in case of disconnecting the Seongsan wind farm
from the grid with the ESS

Fig. 89 2009 3¥€4-H 2010¢ 297+ &9W& Fo] 7b 2 20109 1€
271949 229 Aresdddx e FHHHE el 3tk o] Aol B
19417 oF 12MWolA IMW7HA] 548kl Mgk As & 5 Sth

Power[MW]

1] 1 2 3 4 5 & 7 [ -] 10 1" 12 13 14 15 16 17 18 193

Time[hour]

Fig. 89 Power output in the Seongsan wind farm (2010.01.27.)

_98_



Fig. 902 Fig. 89} £ FHA] ol el wig et ALgste] F&3} B
ot A5 Y A eZol v el os) R &

)
ftlo
T
o
=
Rl

[e:

Ak, A WEEE 220 wa) A UA s wAE e BBHI} o Fojx n
otk e el el Fig 912 Solnd s oUAAGA LW AgHE 7
$2 Ui AANAEE gl wel wEe §3e dasdol 29
MES RS 98 Bed A olud funTs FREA AAHgeonw
e U AL sHs A 9ok Aol7h §1e AR WEE mae] olFolx: gtk

Power[MW]

-— P

1 i 1 I 1 1 i 1 | LR

i 1
o 1 2 3 4 5 6 7 8 -] 10 1" 12 13 14 15 16 17 18 19 20 4] b4 23 24

Time[hour]

Fig. 90 Compensated power output of the Seongsan wind farm
with the BESS and LPF

Power[MW]

“o 1 2 3 4 5 & 7 8 a 10 1" 12 13 14 15 16 17 18 19 20 2 F] 3 24
Time[hour]

Fig. 91 Compensated power output of the Seongsan wind farm
with the HESS and LPF

Fig. 92+= Fig. 899 #2 ==HwW-gol dia] wigert AFE3E ol | A A A 2=
2

ol &9 HF&3E FHste Tt AEEF AA}E dER Aotk Fig.

_99_



930l A sfolB = oA A GAI2d L vlE g whs Ab&She AR A
g3Fo) A7] WEel WEEGTF AL e Hol
1 T T T T T T T T T T T T T T T T T T T T T
oaf- -
08 -
N =
=
=)
%
=
S
01| -
T I T S S B I R R
Time[hour]

Fig. 92 SOC variation during the BESS operation in the Seongsan wind farm

o9k

08§

SOC of BESS [pu]

o 1 2z 3 4 & & 7 8 8 10 11 1z 13 14 15 18 17 18 18 m 20 22 B
Time[hour]

24

Fig. 93 SOC variation during the HESS operation in the Seongsan wind farm

- 100 -



)

2t

F7het @

A A
b B |

w9 A

2

o

Ho

[ez]
1

ol M= AlFA]

alg
H)

]

&

=
I

]
=

7}

1

j
a-

ol | %] A

1

=z
=

j

2]
PSCAD/EMTDC

=)

IR
& Bl o

&

237 4o

7, S0l

I

=

=

=

=1
A A A A B T

A gl Aol
ZE!

¥

I 2 sole WE Y ]
Q

o | |
2] 3]
o]

[e)

LRI
=

B
bl ot

I

A
o= A Aol

Z

=
AELYE FUE Y

A5

i A

=

R

I

=

R

?151_

g 9

FE= oA AGA

of th

AT

O

j

2~ €l

THomA o
7

=)

HA = e

ol J A A Al

3|

st .
tol

o

°

e
glEol= e gk, o

A ]t

ki3

[e)

s
= 7
53t
=l A Al
249t

A
B}
H

il

- 101 -



= AR woowour = W mo He ™ o] fe <
Chw o oE T o *F LA A
T ng N o o= %? = MH ww
g I oA K| op T o M o
— . O_E ,OIL H ﬂAlL ,Q Jl ﬁo < wlArw_ ﬂ_OI " O# &S
F o (oW o< e e T S
T o g T o PN % + X oo o
) 7o ofy o = n oo Ho T o
Nfo o Box oW oo T W do w_e T < o
Ko ® N ® B ox =% % % & T e R %O
Nt PLER IR S A
s B T T * = o %o o TOw = B gid
2= . 4o eI TwT EAIE T
Ho g % Y o= o e TTog EW
i ~ 5 o e ¥y M L S T
,‘.mrﬂ Wﬁ_“ =0 T W n o 70 Wﬁ o = o o & on X
S ~ & 4 o R Jo P I o i
> & I erwl P s
T B E o= N o TH o o N do A N
= T For = = oo o & - ol
S o g - o o T o Ho oo 9 T
S % %0 mmu E.# EWL 1 Mm ,A]M ™o o % oo MAIU GOl o
_, L G < ooal owoAr - ;
o A NowmoT 0y O % %o wa MM o :¥ % B
Njo Ew 5 o MoE g I S = P % do o
— - — T
5o ,W;ﬁ = ﬂDE :i = 0 # ﬁ o X ' = or X M HH m ot
NI o M o No T o o 0 ~ 1= 3 o
L W o o oo T GG ®o X i B T
RO Boaow AR T = Yo R g % i)
T x T = LT > w5 H ™ B ~x X w
T = S P W) 5 R B® T K oo I
N 24 CUCE = T ® ° o/
_ T B oA AR 2 —_ I ~
X oo 5> < o X p RIS o o N
= W T o O om oo ¥ T o g oo T o
W oo I of T oA m R W Ho o E W T = M W % 30
. . . o
~ Y Yy oy

- 102 -

HARPAEHE FAH o] B Y

P
T



[1] ()24S5 F <%, Smart Renewabled T3%d 54 A(FHHA), 2011.
[2] KPX A& AL, A5A d=ag7] 249, 2010.

[3] KPX d#HAH A&, AFA S SFn s AA7IE A(FHFEIA), 20114,
, 2009 thgkd7ists] A403] A Sl 3
2010~2011d A5 S8EEA7] &4 dASEF HE pp. 123~124, 07, 2009.

[4] ZA & AAl=, d9%, 19+

[5] A. Ingram, “Storage options and sizing for utility scale integration of wind
energy plants,” in Proc. Int. Solar Energy Conf. 2005, Orlando, FL, pp.
843~851, Aug. 2005.

[6] C. Abbey and G. Joos, “Sizing and power management strategies for
battery storage integration into wind-diesel systems,” in Proc. Conf.
IEEE Industrial Electronics (IECON), pp. 3376~3381, 2008.

[7] A. Shahirinia, S. Tafreshi, A. H. Gastaj, and A. Moghaddamjoo, “Optimal
sizing of hybrid power system using genetic algorithm,” in Proc. Int.
Conf. Future Power Systems, Amsterdam, The Netherlands, pp. 6, 2005.

[8] S. Schoenung and W. Hassenzahl, “Long vs Short Term Energy Storage
Technologies Analysis.” A Life-Cycle Cost Study DOE Energy Systems
Program, Tech. Rep, August. 2003.

[9] H. Le and T. Nguyen, “Sizing energy storage systems for wind power
firming: An analytical approach and a cost-benefit analysis,” in Proc.
Power and Energy Society General Meeting, Pittsburgh, PA, pp. 1~8, 2008.

[10] C. Brunetto and G. Tina, “Optimal hydrogen storage sizing for wind
power plants in day ahead electricity market,” Renewable Power
Generation, vol. 1, no. 4, pp. 220~226, Dec. 2007.

[11] KASSERIS E, SAMARAS Z, ZAFEIRIS D, “Optimization of a wind

power fuel-cell hybrid system in an autonomous electrical network

- 103 -



[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

environment”, Renew. Energy, 32, pp. 57~79, 2007.

CAVALLO A, “Controllable and affordable utility—-scale electricity from
intermittent wind resources and compressed air energy storage (CAES)”,
Energy, 32, pp. 120~127, 2007.

WANG J, KANG LY, CAO BG, “A new control strategy of a wind
power generation and flywheel energy storage combined system’.
Lecture Notes in Computer Science vol. 3972, pp. 1370~1377.

PRASAD AR, NATARAJAN E, “Optimization of integrated
photovoltaic-wind power generation systems with battery storage’,
Energy, 31, pp. 1943~1954, 2006.

ONAR OC, UZUNOGLU M, ALAM MS, “Dynamic modeling, design and
simulation of a wind/fuel cell/ultra-capacitorbased hybrid power
generation system”, J. Power Sources, 161, pp. 707~722, 2006.

GARCIA RS, WEISSER D, “A wind-diesel system with hydrogen
storage: joint optimisation of design and dispatch”, Renew. Energy, 31,
pp. 2296~ 2320, 2006.

DENHOLM P, “Improving the technical, environmental and social
performance of wind energy systems using biomass—based energy
storage”, Renew. Energy, 31, pp. 1355~1370, 2006.

48, A, AdE, FAA ‘v AT FaesHELd %

A7 Aol B A7 thdr)ehs], 7183 =T A 58(4), pp. 688~

ro

693, 04, 20009.
AFed FHTAGA ds ZUHE 2 F7HEH), AF%, 2004.6.

5
A% " e&F YA AHE A=A KIC News, Volume 13, No. 2, pp. 23

Salt Specialty Battery Group, “Rechargeable Li-ion battery systems-Light
energy storage for space applications”, Product catalog, 2006.
C. M. Shepherd, "Design of Primary and Secondary Cells - Part 2. An

equation describing battery discharge” Journal of Electrochemical Society,

- 104 -



[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

Volume 112, pp. 657~664, Jul. 1965.

C. M. Shepherd, "Design of Primary and Secondary Cells - Part 2. An
equation describing battery discharge” Journal of Electrochemical Society,
Volume 112, pp. 1~23, Jul. 1965.

Olivier Tremblay, Louis—A. Dessaint "Experimental Validation of a
Battery Dynamic Model for EV Applications” World Electric Vehicle
Journal Vol. 3 - ISSN 2032-6653 - 2009 AVERE, pp. 1~10, 2009.
Tremblay, O., Dessaint, L.-A. Dekkiche, A.-1. "A Generic Battery Model
for the Dynamic Simulation of Hybrid Electric Vehicles” Vehicle Power
and Propulsion Conference. IEEE, pp. 284~ 289, 2007.

Dougal R.A, Liu S, White, R.E. “Power and Life Extension of Battery -
Ultracapacitor Hybrids”, Components and Packaging Technologies, IEEE
Transactions on Volume: 25 , Issue: 1, pp. 120~131, 2002.

Khaligh A, Zhihao Li, “Battery, Ultracapacitor, Fuel Cell, and Hybrid
Energy Storage Systems for Electric, Hybrid Electric, Fuel Cell, and
Plug-In Hybrid Electric Vehicles: State of the Art”, Vehicular
Technology, IEEE Transactions on Volume: 59 |, pp. 2806~2814, 2010.
A, el o FEEAY =AY ks - 2011 e AL
2 3}3], pp. 327~330, 2011.

Katsuhisa Yoshimoto, Non-member, Toshiya. Nanahara “New Control
Method for Regulating State—of-Charge of a Battery in Hybrid Wind
Power/Battery Energy Storage System” IEEE, Power System Conference
and Exposition, PSCE ‘06. 2006 IEEE PES, pp. 1244~1251, 06, 2006.
Sercan Teleke, Mesut E, Baran, Q. Huang, Subhashish Bhattacharya,
Loren Anderson “Control Strategies for Battery Energy Storage for Wind
Farm Dispatching” IEEE, VOL.24, NO.3, pp. 725~732, 2009.

A7 234 “FEdd A8 A dAsts Zsid - AdraA

(T sHPAHA AldA] Ad71E T 712 717, 2006.

- 105 -



7 Ao 2

o] A

il

1 ANZEESE o1 7HA Al o

o] Aztomt

e
T

Se

B

ol

—
fite)

~
2

<
N

ol
ol

o

A g,

IR ER

9]

A4 o

T

s

MA =EAAe B

o
-

2 A FE=7HA]

el

)

R

ad
A

M
R

+

o

il

Hr
il

)

%

- 106 -



	Ⅰ.서론
	1.연구의 배경 및 필요성
	2.연구의 목표

	Ⅱ.풍력발전단지의 출력변동 분석
	1.바람 에너지 특성
	2.풍력발전 시스템의 전력품질과 계통 영향
	1)풍력발전 시스템에 의한 계통영향
	2)제주계통에서 풍력발전 출력변동에 의한 주파수 영향

	3.제주 풍력발전단지별 출력변동 분석
	1)행원풍력발전단지
	2)한경풍력발전단지
	3)성산풍력발전단지


	Ⅲ.에너지저장시스템 모델링과 용량산정
	1.에너지저장시스템 모델링
	1)리튬이온배터리의 모델링
	2)슈퍼커패시터 모델링
	3)제어기 모델링

	2.에너지저장시스템 용량산정
	1)에너지저장시스템의 용량산정 방법
	2)풍력발전단지별 에너지저장시스템 용량산정


	Ⅳ.컴퓨터 해석과 결과고찰
	1.행원풍력발전단지
	2.한경풍력발전단지
	3.성산풍력발전단지

	Ⅴ.결론
	참고문헌


