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SUMMERY

An investigation on lightning characteristics and damage to wind turbines was
performed over Jeju province and Gangwon province. Lightning data from
January 2010 to September 2013 was collected from IMPACT ESP and
analyzed in detail. The ranges analyzed for the two entire provinces were N33
06 ~ N33 36 and E126 06 ~ E127 00 for Jeju and N37 00 ~ 37 50 and E128
01 ~ E129 01 for Gangwon, respectively. The characteristics on hourly lightning
occurrence, the occurrence by lightning grade, monthly and vyearly lightning
frequency by polarity and seasonal lightning frequency were analyzed for the entire

ranges of Jeju and Gangwon.

In order to obtain lightning distribution throughout the two provinces, lightning
maps over two provinces were drawn on the basis of lightning data.
Furthermore Hankyung and Sungsan wind farms were selected in Jeju
province and Taebaek, Changjuk, Taegisan and Gangwon wind farms were
chosen in Gangwon province for characterizing them regarding lightning
happened and damages to wind turbines. Lightning rate which means annual
flashes per unit kilometer squared was calculated for assessing the six wind
farms studied. Also, the damage data to wind turbines was collected on the six

wind farms during the study period.

The result shows that lightning frequency varies with years in both provinces.
Lightning occurred 63% on Jeju and 529 on Gangwon during night time,
respectively. The trend of lightning occurrence by polarity was similar on the two
provinces. Lightning frequency of Gangwon was higher than that of Jeju, while the
lightning grade on Jeju was higher than that on Gangwon. Lightning frequency of
Jeju was higher than that of Gangwon during autumn season, while lightning
frequency of Gangwon was higher than that of Jeju during spring season. The two
wind maps showed that Jeju had high number of lightning in the eastern region,
while Gangwon displayed its high number of lightning in the western region. The
lightning rates for the six wind farms were all under 5.0, which means Good
according to the commercial S/W, WindPRO. The lightning frequency of two wind
farms on Jeju are relatively lower than that of four wind farms on Gangwon so that
no damage to wind turbines by lightning was found on Jeju, while some damage to

wind turbines by lightning was detected on Gangwon.
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Table 12 H#5wE[14]5 Hetdth V= A4, = F540010. o714

Table. 1 Lightning class[14]

Rl 27 % (kA) Rl 27 % (kA)
0 -16 ~ 1.6 0 -16 ~ 1.6
1 16 ~ 25 -1 25 ~ -16
2 25 ~ 40 -2 -40 ~ -25
3 40 ~ 6.3 -3 63 ~ -4.0
4 6.3 ~ 10.0 -4 -100 ~ -6.3
5 100 ~ 158 -5 -158 ~ -10.0
6 158 ~ 250 -6 -250 ~ -15.8
7 250 ~ 39.8 -7 -39.8 ~ 250
8 39.8 ~ 63.1 -8 -63.1 ~ -39.8
9 63.1 ~ 100.0 -9 -100.0 ~ -63.1
10 100.0 ~ 1585 -10 -1585 ~ -100.0
11 1585 ~ 251.2 -11 -251.2 ~ -1585
12 251.2 ~ 398.1 -12 -3981 ~ -251.2
13 398.1 ~ 630.9 -13 -630.9 ~ -398.1
14 630.9 ~ 1000.0 -14 -1,000.0 ~ -630.9
15 1,000.0°1 % -15 ~1,000.0°] 3}




Fig. 4914 HE+&= v} o] U Wzl (Intra—cloud or cloud discharge) &
& QoA A(+), F-(-) Aakzgtel| A st= ol 7+ #d(Inter-cloud or

Cloud-to—cloud discharge)< >3 TE & AloJo A AH(+), F(-) Hs} 3+

1154
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Fig. 9 Lightning discharge phenomenal15]
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NOTES
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Fig. 9 GMP/Zond Z-40FS grounding and bonding[18]
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Table 6 The number of hourly lightning occurrence on Jeju

Year Ratio D_ay/
_ 2010 2011 2012 2013. 9 Total Night
Time (%) | (%)
0 43 1,836 %) 59 1,993 7.76
1 47 1,157 60 58 1,322 5.15
2 187 239 67 58 551 2.15
3 776 144 201 113 1,234 4.81 30.8
4 315 251 228 103 897 3.49
5 351 127 469 105 1,052 4.10
6 464 44 173 172 853 3.32
7 196 215 108 159 678 2.64
3 93 519 74 386 1,072 4.18
9 181 1,054 68 713 2,016 7.85
10 73 444 100 691 1,308 5.10
11 216 109 253 197 775 3.02
12 92 57 836 160 1,145 4.46
13 54 24 568 93 739 2.88 365
14 41 92 158 48 339 1.32
15 129 67 197 200 593 2.31
16 34 90 71 289 534 2.08
17 72 53 31 24 180 0.70
18 138 56 21 53 268 1.04
19 176 426 13 30 645 2.51
20 120 1,422 26 30 1,598 6.23
21 86 1,179 38 42 1,345 5.24 32.7
22 48 2,002 21 41 2,112 8.23
23 48 2,273 39 58 2,418 9.42
Total 4,030 13,880 3,875 3,882 25,667 100

Table 6 7174 AA +9st= IMPACT ESPE G314 2010W@ 58 20134 9
A £9E GAARE 48 ABE A ATUAN AFHE AFE A9
of Hg dHARS ol AAFNA A 7
A 9E BASSE e gelth Wi

= o 9E EAEo] A U

B Tzaflow #Asto] A

=

=13
=

o
02

& HAA] 365 ¢ 635
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Table 7 The number of hourly lightning occurrence on Gangwon

e o010 2011 2012 | 20139 | Total | O giag%/t
Time (%) | (%)
0 280 724 91 202 1297 | 208
1 385 1,653 629 244 2071 | 477
2 675 974 252 387 2988 | 367
3 738 397 150 273 1558 | 250 | 297
4 1214 1,657 326 197 3394 | 545
5 288 3,158 465 299 4210 | 676
6 265 2,995 160 142 2792 | 448
7 233 1,528 163 206 2130 | 342
8 169 1511 295 417 2392 | 384
9 245 1,617 129 164 2155 | 346
10 66 265 63 148 542 | 087
11 248 164 141 464 1017 | 163
12 278 219 132 3141 | 870 | 605 |
13 679 347 896 0895 | 4817 | 7.74
14 1,132 530 586 482 2780 | 446
15 1,366 407 663 900 3336 | 536
16 2,027 735 1,229 740 4731 | 760
17 2,180 790 1,242 1057 | 5269 | 846
18 1,253 359 446 866 2024 | 470
19 616 253 461 1914 | 3244 | 521
20 238 220 612 967 2037 | 327
21 182 262 322 311 1077 | 173 | 174
2 91 357 250 377 1075 | 173
23 42 228 2% 167 463 | 074
Total | 14800 | 20630 | 9789 | 16960 | 62,269 100
Table 7 Z9% o & A7wge sLsE 29 37°00° ~ 37°50', 74
128°01" ~ 129°01" ®isle] Azt g BASIFE yerdl Zojw dd 244




kol At G E SIS rwste] e skt 2011 k=l 20,6308 2 v S

Hop B2 H¥3lgE Holan AAHLR AFEHvs w2 9¥ 2SS

Holw vra} dwbo] A H| &8 48 522 v A 7rle oA =4 HAls gt
Fig. 232 A7t & 9 HAE 2d=ZE HAFEY AFE A= A4
I AYGAZtY o= S EAEo] e uby sty Fdbo] =4 e E dA
S E g U AT XY= AlE Aol A9 Al =A WA S
3 kukyl el = WA E o] F435 WoyXE dANS WA 4 Q. AlFE
A9 FhE A FoA A7t S @R Eo] Aubtje] S Ho] Fa1
AT
10 :
9 =B-leju f
5 —+—(Gangwon A /
1 A /
A AN
)\\ "SI EEETE™.
N .\ h ¥V ¥Y
WM\ \7/ \ AN
CTYY Y\ N
1 V7 =
b
0
01 2 34567 8 91011121314151617181920212223
Time

Fig. 23 Evaluation of lightning frequency by time on Jeju and Gangwon
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Table 8 The number of lightning by lightning grade on Jeju

Hl—/\g S

ol

o~
T

Year
Grade 2010 2011 2012 2013. 9

-10 4 6 10 11
-9 41 71 43 o2
-8 164 482 163 131
-7 486 1,568 416 384
) 1,032 2,614 1,000 819
-5 949 3,017 933 188
-4 516 2,925 385 410
-3 209 1,072 154 237
-2 1 6 1
-1 0 0 0
0 0 0 0 0
1 0 0 0 0
2 31 340 22 150
3 60 803 o7 191
4 53 439 75 124
5) 201 304 393 411
6 147 135 115 116
7 62 66 40 30
8 53 24 43 11
9 18 6 20 8
10 3 2 5) 3
11 0 0 0 0

Total 4,030 13,880 3,875 3,881

Table 82 AFEAY GAFLe FASFEA Wol FFE2 Felso] 1
FH=S yerd Aeojth 2011 d =0l AFA G HERy dge g sl H

_35_



a of 4v) A% Wl V1=t AR B GHEF Fe wsl e
T oglew By e WEs 20 ~ 25 % odow A4 4 WNE 5 ~ 10
oo HlENA ol WAE I gtk

Fig. 249) Ze|zolx Wl F

g woln 65Fel GHt g wel WAL, AFHANAE 11 ~ TEF

2 -8 ~ 357 AflelA 3 me dEuE

Abole]l HIw=7F BESHH 552 Y 7F 7P ®ol wHAs AS & 5 Q. o
A o8 Ao 9GS nzA Ao diEE 1857 olate] YdESFo] A
sl M| ES AA ST AFe 137438 54%E A A5t GE3FE e

)
o o

o

Frequency(%)
— -

o
|

-10 -8 -6 4 -2 0 2 4 6 8 10
Grade

Fig. 24 The frequency of lightning grade on Jeju
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Table 9 The number of lightning by lightning grade on Gangwon

Year
Grade 2010 2011 2012 2013. 9
-10 3 6 2 2
-9 35 38 15 26
-8 116 275 77 111
-7 485 1,046 258 431
) 1,172 2,265 683 1,256
-2 2,270 3,657 1,698 2,355
-4 3,229 4,321 2,294 3,224
-3 2,808 3,646 1,823 2,122
-2 1,813 1,970 1,212 2,112
-1 149 132 74 185
0 0 0 0 1
1 176 192 109 376
2 1,156 1,067 663 2,033
3 801 740 374 1,190
4 293 312 135 401
5) 133 188 92 187
6 93 381 96 112
7 86 256 83 108
8 o4 83 67 87
9 13 43 24 27
10 4 7 4 13
11 1 0 1 1
Total 14,890 20,625 9,789 16,960
Table 9= = Aol A F2o e H2eFix wet sHE=

o]tk 31 97l
7} 4,321 H o2 71
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Table 10 Monthly and Yearly lightning occurrence by polarity on Jeju

2010 2011 2012 2013. 9
Month | Positive | Negative | Positive | Negative | Positive | Negative | Positive | Negative
Polarity | Polarity | Polarity | Polarity | Polarity | Polarity | Polarity | Polarity
1 1 9 0 1 0 0 0 0
2 12 19 0 1 3 0 15 32
3 118 712 0 0 13 3 121 4
4 3 4 8 15 109 27 36 6
5 5 22 6 0 74 0 30 8
6 39 207 65 338 39 11 125 101
7 103 407 26 49 360 2,447 452 970
8 188 1,692 68 444 56 341 219 1,684
9 118 303 1,890 | 10,874 37 85 46 33
10 21 2 13 0 31 150 N/A N/A
11 16 8 40 37 4 5) N/A N/A
12 4 17 3 2 44 36 N/A N/A
Total 628 3,402 | 2,119 | 11,761 770 3,105 | 1,044 2,838
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Table 11 Monthly lightning occurrence and occurrence rate by polarity on Jeju

- Positive Polarity Negative Polarity . Ratio
Occurrence| Ratio(%) |Occurrence| Ratio(%) (%6)

1 1 9.1 10 90.9 11 0.0

2 30 36.6 52 63.4 82 0.3

3 252 26.0 719 74.0 971 3.8

4 156 75.0 52 25.0 208 0.8

5 115 79.3 30 20.7 145 0.6

6 268 29.0 657 71.0 925 3.6

7 941 19.5 3,873 80.5 4814 18.8

8 531 11.3 4,161 88.7 4,692 18.3

9 2,091 15.6 11,295 84.4 13,386 52.2
10 65 30.0 152 70.0 217 0.8
11 60 54.5 50 455 110 0.4
12 51 48.1 55 519 106 0.4
Total/Ratio] 4561 17.8 21,106 82.2 25,667 100.0

Table 11614 AFE Afolde] 98 F4o] e $H955 vgz v
Aotk WE wol R34 ezt 454 nd w4 e gidow
4 o gol 828 AN 4 ~ 99 Aloje] 1=A BEAT gon 9w

2 = W= 9¢ol 522%¢9 HleS AAsHH 7HE @ol AT

ro
o

.l

o
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Table 12 Monthly and Yearly lightning occurrence by polarity on Gangwon

2010 2011 2012 2013. 9
Month |"pgitive Negative | Positive | Negative | Positive | Negative | Positive | Negative
Polarity | Polarity | Polarity | Polarity | Polarity | Polarity | Polarity | Polarity
1 1 8 66 0 1 0 0 1
2 2 6 74 0 2 0 0 0
3 7 71 26 0 2 1 0 0
4 1 3 871 9,993 5 22 o7 208
5) 8 95 68 406 328 4,681 7 91
6 347 4137 264 944 177 2,541 141 1,743
7 165 1,786 | 1,005 | 2,525 589 2,022 767 2,259
8 939 2,887 638 3,533 378 828 3,203 8,072
9 1,115 | 3,878 30 93 33 95 138 464
10 7 4 104 283 2 o6 N/A N/A
11 53 165 1 1 3 18 N/A N/A
12 8 17 0 1 2 6 N/A N/A
Total | 2,673 | 13,057 | 3,247 | 17,779 | 1522 | 10,230 | 4,313 | 13,338

Table 12014 2% Ao odmd 2 9 FA o] e G355 4
stk dRE 54 G AFA 2o =A dEhgA e 2011d 2 20124
1, 2, 3€el= AFAol BA vyt 2010d%E 6€ed FIAe I}
41373 2 714 ol T AE on 2011dolE 490l 99933 ¢ Y7} WAk
ATHA 7 T P BE SFE AASAT. 20120 = 5€ el 46813,
2013 el = 8ol 85723 ¥-=4 =7t M wol HAs T

P ows 49 997t a2 HEIE 2RI lee & ATh
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Table 13 Monthly lightning occurrence and frequency by polarity on Gangwon

_— Positive Polarity Negative Polarity o Ratio

Occurrence Ratio(%)| Occurrence | Ratio(%) (%)

1 68 88.3 9 11.7 77 0.1

2 78 929 6 7.1 84 0.1

3 35 32.7 72 67.3 107 0.2

4 934 8.4 10,226 91.6 11,160 16.9

5 411 7.2 5,273 92.8 5,684 8.6

6 929 9.0 9,365 91.0 10,294 15.6

7 2,526 22.7 8,592 77.3 11,118 16.8

8 5,228 24.8 15,820 75.2 21,048 31.8

9 1,366 23.3 4,490 76.7 5,856 8.9

10 113 24.8 343 75.2 456 0.7

11 57 23.7 184 76.3 241 0.4

12 10 29.4 24 70.6 34 0.1

Total/Ratio| 11,755 17.8 54,404 82.2 66,159 100.0
Table 13914 = Zd%= Ao & SAo wE J3li+E S48 oy 4
H oRAR SR FESAY. AFEAAS} vt R BE Gl RS54 HErt
A4 B A desten PdAor B4 Hlgo] 822%F AAlsta 9
o A Hlg 2= 89 31.8%°lu 4€FE 9€7bA 15%Wele 18 S EE

Hola itk
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2. AF =9 ZdE FEEAE Y& Al

Table 14 Evaluation of Yearly lightning frequency on Jeju

2010 2011 2012 up to 2013. 9
Lightning
4,030 13,880 3,875 3,881
Frequency
Lightning Rat
iehting At 0.72 2.49 0.70 167
(flashes/ki'/year)
Average of
. ) 1.39
Lightning Rate

Table 14:= AF%= A e At HE& WsE v siglen W= npep 7o)
AFA G G2&L 07 ~ 249 ®glelH SolshAl 2011 = v dxo] H]

4 of 4vje] G2zl wASPOr FEHEe 2498 /1S5 9

Table 15 Evaluation of Yearly lightning frequency on Gangwon

2010 2011 2012 up to 2013. 9
Lightning
14,890 20,630 9,789 16,960
Frequency
Lightning Rate
2.03 2.81 1.33 2.31
(flashes/ki'/year)
Average of
. . 2.12
Lightning Rate
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Table 16 The evaluation of lightning rate by wind farm over Jeju and Gangwon

Wind Farm Jeju Gangwon
Hankyung| Sungsan | Taebaek |Changjuk| Taegisan |Gangwon|
20104 0 6 4 3 51 34
o 20119 0 7 1 2 42 44
2 201241 2 2 2 4 25 67
2120139 994A 1 7 1 9 36 19
&7 3 22 8 18 154 164
20104 0 4 1 3 25 31
o 20119 0 3 1 2 27 35
i 201241 2 2 2 4 22 47
; 20134 997kA 1 3 1 9 23 19
&7 3 12 5 18 97 132
o 515 0 3 0 1 23 10
s & K - | e | - 13 | 965 | 1009
3% 3 19 10 17 120 158
TEY T gy
ACwA) | 2397 | <1596 | 112 | 103 | 979 | -1033
%ﬁgﬁ -6 -4 -5 -4 -4 -4
g 7 9 9 6 7 4
HEE ISR a3 es3 | 19 | 591 | 73 | 361
(& /7;6;) 028 | 196 | 101 | 077 | 500 | 117
714 7} Good Good Good Good Good Good
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3. AF=S Zdx 5= <

3

h 84
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3

Table 17 Status of lightning damage by wind farm

Jeju Gangwon
Hankyung | Sungsan | Taebaek Changjuk Taegisan Gangwon
124:/04.2 1%}:709.3 124:705.12
SANA i . "12.5 '12. 12 089 11¢ %}
2300712 | 2%:'10.9 231706, 9
1L5MWx47] | 2 MW 2 MW 2 MWx147
o =471 * oMW x 77 | 2 MW x 2071 x1471
3 MWx57] | 107] 97] 2 MW=x357]
] 3
N BrR=s A 1 3 7 1
A
@'10. 8. 17
12, 5. 30 @'11. 5. 2
] 3 - - D'12.5.17 1571 ®'12. 10. 16 ® 12 6. 4
LIFCP ©'13.7.15 5715 @'13. 10. 3 -
o ®'13. 10. 13
®'13. 10. 10
@ # CCI100 PNL
SPDE- Fuse 8¢t
=i A=Ak
. ~ Comverter ¥ | (1) 48 Blackst)
HFNY] | @45 SHAHA i
Aopny | aegegn | OH Bakdd
BEalEl _ _ s b &k e | @ Bade &% | D#3 Bade C
¥ i o @# Bade &3 | &%
@#PC | (PUS .
~ ) #18 BladeA B4
D/AI0 @ #45%] Hiby ® #17 BladeAB4
RESAY PLC CPU Module, e
REA7 18R
nET
s)Eje ¢ 5
o R7KA | @13] - B KA . D 5319 3]
WA = - - ® 13] ®) 33 ITKA =5 kA 211 ~ A&A
e 1AkA | 18445469 KA 13913, 83 : )
7 : : 24 KA ~ 5kA
FAMAME EF 2ol FEF Aol AW wie] FAnrh =L
e AR EE A7 Bol HEe g w=EFy o] k. 53 oE FHWX
7= 3B Eo]7F 60 molAela Egol= Zo] 40 moldS 1183 100 mo
o] pzEol o} 4 AAE dg shsAel wrh o AvdlA AHU AF
wof AT X% FHRAGA ] YH 2 1F v&) 4 Table 1790
LERU QLT
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AFA o] 27 FHddA o= VestasAbe] NM72C 471, V90 571, V80 10
7] & 41 MW =4 7]7F 20049 2 2007, 2010958 951 glont &

=
40 MW7F 2008 8B 7hes L glow 2010878 o HE= A% A7 =
= T A9 AAFE As) 63 AA e Eulol= &Abo] HAsH T
2010 8€el 5 kA RS HE7F 13] WA= Sdol= /7 &4 9
Ao, 2011 49 300l 273 AA -17 kA ~ 5 kA R S22 <13
Lelol= 17]7F 4% 20139 99 139 83]o] AA -24 kA ~ -5 kA X
o] Y7t wAste] 3] dxv|e] o= 477k &4E A 7F A AT

ob#f 9] Fig. 39% Ei714t S dA 9 FHady] Edol=rt AAFR <l

o

Fig. 39 Blade Damage from direct lightning strike on Taegisan wind farm
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olef o] Fig. 402 ZdFgddd= o dx77F AAZZ Q% s 42 A
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lom dzlw ol =4S 2012 59 31Ul -21.1 kA ~
8 343] WAste] EYol= 118 E4A17 A 7E gl

g FEdAdGAE dsEdeld A HQ2000 2 MW 47]9F & Aol A
A2k HS90 2 MW 5719 w72 FAgslo] rh wabo® 4% ezt 3
= FELARANAE Beol= &) flld vk A7 Al &Ado] thEs)
AL dnh 20129 5€ 179 87 kA HEIF 13] T Ate] #1 FHELT] AGHA 9
A8 717] 2 AR 7)) 28 dFlon 20139 7Y 159 -44 kA9 Y
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Fig. 40 Blade Damage from direct lightning strike on Gangwon
wind farm
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